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1.0 . PROJECT BACKGROUND

The MOD-2 Wind Turbine Program was initiated in August of 1977 when Boeing
Engineering and Construction (a division of The Boeing Company) was awarded the
contract for development of a multf-megawatt wind turbine system. This project
was a continuation of the U.S. Department of Energy programs which had
previousty funded development of t'.e experimental MOD-O machine at the NASA LeRC
Test Center. at Plum Brook, Ohio; four of the 200 kW MOD-OA machines as installed
and operated in New Mexico, Rhode Island, Puerto Ricc, and Hawaii; and the 2000
kW MOD-1 machine installed in North Carolina. These earlier machines. were
invaluable in developing the technology required to harness the abundant and
renewable energy from winds and provided a database for use in development of
the MOD-2. The contract requirements established for the MOD-2 machine were
structured to achieve a significant advancement towards early commercial
realization of cost competitive electrical energy from wind power.

As with the eariier developmental programs, the NASA LeRC was assigned program
and technical management responsibility for the MOD-2 machine.

1.1 PROJECT GOALS.

Stated in general terms, the DOE/NASA goals for the MOD-2 program were_as
follows:

o Provide an economically viable alternative electrical energy system
{cost competitive with some conventional fueled power plants) which
could reduce the dependency on non-renewable fossil fuel electrical
generation systems.

0 Demonstrate feasibility of wind turbines operating in a utility network.
The machine must be compatible with utility interface requirements and
general utility operations and maintenance practices.

0 Stimulate wide industry involvement in the development of a commercial
business base.

1.2 SPECIFIC DESIGN REQUIREMENTS

The primary design requirements established by the MOD-2 contract Statement of
Work were:

(1) The machine shall produce muti-megawatts at rated power.

{2) The cost of electricity for the 100th production unit, when operated
at a site with a mean wind speed of 14 mph, shall not exceed 4 cents
per kilowatt-hour based on 1977 doliars.

(3} The machine shall be of the horizontal axis type.

(4) The rotor diameter shall be no less than 300 feet.

(8) The machine shall be compatible with {integration into a utility
network (fnctuding integration of multi-units in a farm concept).

1-1
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(6) Design for safe and reliable operation over a period of 30 years.

(7) Design for unattended operation with automatic control for
sequencing its operation.

The specific requirements as extracted from th2 contract Statement of Work are
shown in Table 1-1.

1.3 DESIGN APPROACH

The generalfzed program approach was structured as illustrated in Figure 1-1.
As shown, this was a phased program with several DOE and NASA reviews and
approval prerequisites to entering the subsequent phase. In addition to the
DOE/NASA review, several utilities were periodically briefed and contributed to
the requirements for the interface to the grid, and the requirements for
operations and maintenance (0&M).

The most significant phases in terms of establishing the configuration were the
Concept and Preliminary Design Phases. A more detailed logic diagram leading tu
PDR is shown in Figure 1-2. Most significant in these activities are the trade
studies which evaluated design and specification variations. The primary
objective of all trade studies was to optimize system performance to cbtain
teast cost of electricity. Table 1-2 summarizes the mijor studies leading to
the preliminary design. The extensive analysis which ied to the system
definition at POR is documented in reference 1. This final report focuses on
the remainder of the program to the current 08&M phase.

The Detail Design Phase deveioped the production design drawings and ail
procurement specifications. During this phase, competitive proposals were
solicited and evaluated for the selection of major nhardware suppiiers. Long
Tead procurement of selected hardware was authorized by NASA prior to
completion of the Detail Desiagn Phase.

With. NASA approval to enter the Fabrication Phase for three prototype
machines, the remaining subcontracts were awarded for major components and .
procurement of all hardware was initiated. The major comporent suppliers for
the MOD-2 program are shown in Table 1-3 and Figure 1-3. The major tasks in
this phase were the release of the interface control drawings and specifica-
tions and the extensive subcontract management tasks to assure interface
compatibility, ouality, and schedule commitments were met. Integrated system
testing of initial components was conducted prior to first rotation with the
ocbjective of design verification. Spares requirements for assembly and test
were identified and unique wind turbine maintenance tools were designed and
procured. Reliability and maintenance analyses were utilized to recommend an
optimum operational spares provisioning to support the avaflability goals.

Failure Modes and Effects Analysis (FMEA) is noted in Figure 1-1 to be a
continuing activity throughout the program. The purpose of these analyses 1s to
assure that the machine will operate in a fully antomatic unattended mode and
provide for safe shutdown from any out-of-tolerance condition or single point
faflure. The FMEA is further discussed in Section 2.7.
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Table 1-1, MOD-2 Ruquirements

REQUIREMENT/OBJECTIVE

VALUE

|
I
|
I
I

————-_————-————.—.—_———_——.—-—u————._———_...._

Design Requirements/Objectives

Service Life
Power Output (3 phase, 60 Hz) .
Rotor Oriencation

Weight and Dimensional (Transport)

Finish Duration
cut-in/Rated/Cut-out Wind Speed

Color and Identification Markings _

Rotor Diameter

Environmental

Mean Yearly Wind Speed at Site
Wind Gradient

Wind Speed.Frequency

Gust Criteria

Altitude

Lightning Model

Seismic

Temperature Range

Other (rain, hail, snow, etc)
Maximum Design Wind

Safety

Fail Safe (Unattended)

Fire Detection

Site Security System

Hazard Protection

Network and Turbine Protection
Self Protection in Emergency
Obstruction Marking and Lighting

Operations & Maintenance

Cost

Tools, Vehicles
Automatic/Manual Operation
Availability Objective
Remote/Unattended Control
Data Systems Channels
Maintenance Concept

Cost of Electricity (100th Unit)
Units in Farm

Production Rate

Fixed Charge Rate

Cost of Elect. Equation Specified
Site Definition

Transport Distance

|
|
|
l
|
!
|
|
|
|
|
g
|
|
|
|
l
|
!
|
1
|
|
|
1
!
|
|
|
|
|
|
|
!
|
|
|
1
|
|
|
i
|
|
|

30 years
Megawatt range
Hor{izontal axis
Yes

Yes

14/27.5/45 mph
Yes

>- 300 feet

14 mph at 30 feet
VYarible Power Law
Weibull

Yes

0-7000 feet

Yes

Yes

-40°F. to 120°F.
Yes

120 mph at 30 feet

Yes
Yes
Yes
Yes
Yes
Yes
Yes.

Commercial
Yes

+90 Minimum
Yes

> 100

Yes

Under 4¢/kWh {$1977)
25

Yes
.18
Yes
Yes
1,000 miles

1-3




ORIGINAL PAGE 13

OF pooR QUAL‘TY

* Performance

* R, M, safety, FMEA

* Operations & maintenance
*-Mfg, assernbly S tast

Annual energy

Availabitity

O&M costs

Turnkey costs

EUI.._D,OUII‘. ERAME

Conceptual Preliminary Detail design f
degign review design raviaw ieview & NASA
Go-ahead . & NASA approval & NASA approval approval
Proposal l Conceptual design. | Preliminary detign | Detail design l Fabrica
| t
i | |
R I
RFP i Detailed l Subsystem Interface
specifications I J Specification I o] systam -] procurement L control
& canstraints : update. : specification | | 4 specification drawings
= ] : |
|
| | |
: : I ol
Baseline Recommended| Recommendsd] | .
X System trade Subsystem P Detail Subcontractor Component
,3"022;,‘2’;{;5“ E? studies | Goncaptual E? trade studies [ ggtg:marv E? design evaluation ? procurement
; | i |
* Design s Configuration » Structural » Configurationf = Structural * Design i |+ Major items
i I
| | variations sSupporting § | |« Mechanical * Supporting | §* Mechanical b Mfg capabilit] | |+ Minor items
{ ) gangg:f:sﬂon data = « Controls data | * Electrical LMfg plans : * Spares
[ +COE il Etc. * COE I]. Interface b Cost l * Maintenance
I | I definitions [ tools
I | | |
I i | |
| I ! |
f A J t }
Supporting analysis Supporting tasks Suppaorting

s Facility requirements
«Erection equipment
* Developmental tests
¢ Qualification tests

= FMEA

* Subtontract m
* Quatkty assurarn
* Engineoring lial
* Mech/electrical
* Sity mobilizatl

* integrated- syst
development ts

* Config control

-



ONGINAL. PAGE 1%
OF POOR QUALITY

Datail design Start
review & NASA NASA NASA utility
approval review review operation
: Fahrication } Agsembly and test Operations and maintenance |
! [
i | —
- Readiness
) | L';‘na{::fe Site | reviews =
i drawings selection | and NASA
| | approval
{ A 1 I [ |
— Y | Y K L
. . Assembly and
-factorID Component Site D integratiZna n Checkout Acceptance Operational Speclal I
ey ™ procurement preparation ] ftests tests tests | evaluation tests |
| |» Major item: »Aceessroads | | |+ Nacelle ¢ Pre-rotation * Operation. » loads + Cluster |
= Dility | |+ Minor items Foundations | | | « Rotor * Wind power * Performance * Performance efforts |
—ag: % * Spares * Towar : * Tower * Reliability * Noise '
| |* Maintenance :" sction | |+ neu | [ Maintaio- . TVI :
ools = Utility ahility
I interf |
| g:xuip:?:nt | I * Avsilability I
I f | I
—_— | ! | i
4 f A \ t 3
4 l
_ Supporting tasks Supporting tasks Supportiry tasks
* Subcontrgct management + O&M manuals * Q&M training
* Quality assurance * Spares definition * R, M, A, improvements
* Enginsering liaison »-Assembly plans * Test planning
] * Mech/electrical integration . Erection plans ~Performance improvements
- * Slte mobilization * Test plans * Reporting
" . L:;:ej;;tx ;zstt:srgs * Quality assurance plan + Confiy control & FMEA
- « Contt | & FME * Transportation plan
——— onfig.contro| A
) 9 * Config control & FMEA

PRECEDING PAGE BLANK NOT FILMED

Figure 1-1. Project Approach

2 FOLDOUT FRAM)

S




|} ]
ORIGINAL PAGE
OF POOR QUALITY

: Coneejust Prellimdnary dosip
. lptlgn raview Jaview & HASA
| & NAGA approval Prellainey v appirovsl
Proposal I Concepiual detign J— design
Basellisg
I dasign —l l I -
l Impact analysls { Systam design t
& Physical
I ¢ Partornance Intsgiation |
5 | ® Costof | 1o Furrtonst 1
: REP alectricity integtstl R o
wecifications 9 Lita - l  Plarit Iayout praliminary I
'[ | L] :mul::lull : o Hitk Aocotmnamtar I q'““"ﬂ" .'::: I
- ""‘] - ' "
Compar:ion & .
Bsetine [> Compar:io dathyn D * Sorportig D MOL.2.107
Mow 2 Wis [ & Conliguration *|® Fabrication -
o Contiguration | | lmpact snalysls ® Cost | nlan R
® Gt | o Tutnhey™ I & Inpection & '
* “Tiankey I ® Performanen Q&M 1etting
sO&M ® Cou of 4 ® Supnorting I Sulsylom ischniques l
o Produciion | | slocuiclty Conceptunt snatytis design & 8 critora '
, ® Production O Ui — | | design baseline | |® Automatt | anglysis ® Loig1em)
. sweenarlo l ®» Rkk conlrol  Detign faaturm] | ltonn I
1 I l l # Slress analysh
& Dynanic
' —- __l__ - I R SR - —— e . T | analysi y |
- Cost of Dresign Spacilieation Cost o |_ SFMEA, Cost of |
) electilcity ' varinlons & con tectricity | ® Malerials slectriciy ’
| I I Devaloprrient ‘
= | | Tan |
* | I !

Figure 1-2. Wind Turbine Design Approach

PRECEDING PAGE BLANK NOT FILMED

1-7




TRADE

Blade Y.E. Configuration
(welded stee) plate vs,
fnam-filled fiberglass vs,
steel skinned honeycomb
panels & others)

Crack Detection System

Crack Stopping Design
Metal vs. Composite Rotor

Upwind vs, Downwind
Rotor

Tip to Ground
Clearance

Tilted vs Non-Tilted
Rotor

Epicyclic vs. Parallel
Shaft Gear Box

Low Speed Shaft Support
Configuration {Fixed vs,
Inplane vs, Rotzting}

Generator Drive Selection
{Direct vs. Gearbox
Driven)

Power Generation
(60 Hertz Direct vs,
Stattc Inverter)

Generator Type Selection
{Synchronous vs. Induction)

Generator Speed Selection
(1200 vs, 1800 rpm}

Generator Voltage Selection
(4.16 KV vs. 13.8 KY)

Generator Selection
(Effect of site altitude)

ORIGINAL PAGE 18
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Table 1-2. Summary of Trade Studies (Sheet 1)

SELLCTED
CONFLGURAT ION

Welded Steel Plate

Low Pressure flow through
orifices

Not Practical

Metal rotor

Upwind Totor

50 feet

Ko tilt

Epicyclic Gearbox

Rotating Shaft support

Gearbox Driven

60 Hertz Direct
(constant speed)
Synchronous Generator
with soft quill shaft

1800 rpm

4.15 KY with transformer

One design - standard
commercial generator

1-8

REMARKS

Minimum cost and risk

Cost effective means to provide
early crack detection and WIS. ...
shutdown prior to failure

High risk structure

Composite requires further develop-
ment and is higher risk. Complicated
pivot joint and hub to mid-hlade
Joint

Higher energy output reduces COE

Larger values of ground clearance
increased power output, but offset
by increased system costs

Small tilt angles can be accom-
modated if required for blade/tower
clearance. Tilt above 4-5 degrees
increases COE,

Lower weight, lower cost, higher
efficiency. COE rcduced 0.55¢/kdh

Lowest risk, lightest weight,
least COE

Direct driven generator at 2500 kw .
would require 50 feet diameter
pancake shape with < 400 poles

High weight & high cost

Static Inverter systems adds con- —_
siderable cost.
COE would increase 0.57¢/kWh

Less risk, control understood
COE . reduced 0.035¢/kWh

Less generator cost, less drive
train torque, gearbox not sig-
nificantly costlier, HNet

COE reduction .

Provides flexibility for mlti-
unfit farm installations, 4.16 fs
standard for 2.5 mw generator,
Smatler and Vighter, Least system
cost

Slightly deratéd at 7000 ft -
hot day. Could accommidate
extreme environment range with
modified design at sVight cost




TRADE

Fixed vs. variable speed rotor

Cut-in wind speed - low

Cut-out wind speed - high

Design Wind Speed

Rated Wind Speed

Design Powar Rating

Design Service Life

Extreme Wind Speed

Hachine $ize Optimizatian

Mean Wind Speed

Two vs, Three Blade Rotor

Teetered vs, Rigid Rotor

Teeter Stop Study (Brake

Vs, rigid ¥s. spring vs..viscous

damper

Teeter Bearing Study
{Roller vs, plain vs.
elastomeric)

Optimum Rotor Speed
Partial vs. Full Span Rotor
Control

Aluiinum vs, Steel Tip Blade

Airfoil Geometry (NASA
230%X vs, 430X% vs. 44X
and rodifications)

SELECTED
CONF IGURAT 10N

Fixed speed rotor

14 MPH @ hub height

45 mph @ hub height

20 mph @ =ub height

27.5 mph @ hub height
2500 KW generator

30 years

120 mph_@ 30 ft,

¢4%00 KM Generator
W ft. dis., rotir

Specification value = 14 mph

Two blade rotor

Teetered rotor

Friction brake & rigid stop

Elastomeric Bearing

17.5 rpm

Partia) (30% Tip)

Steel Tip Blade

NASA 230xX

ORIGINAL PACE 18
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Table 1-2. Summary of Trade Studies {Sheat 2)

REMARKS. - .

Variable speed captiices more energy . ... ... ...

but adds 0,57¢/kWh

11 mph req'd to sustain rated rpm,
3 mph margin avoids frequent stop/
start cyeles

Tatal energy available above 45 mph
15 less than.1% for specified wind
spectrum

Maximum specific energy ovtput for
design specific power power rating
of 35.4 watts/sq. ft.

Compatible-with design wind speed

Considered minimum COE for specific
power of 35,4 watts/sq. ft. in specified
14 mph wind spectra,

Minimim COE considering perindic
couiponent replacements

Applicable. for sites with highest
occurrence of high winds such as
Florida and Cape Hatteras.
Kegligible penalty at typical

sites

Considered minfweum COE for site with 14
mph mean wind. See Figure 4.1,

MOD-2 near optimum over typical site
mean winds, See Flgure 4.2

Increased energy output of 3 blades
more than offset by increased system
costs.

Total WTS wefght reduces 61,000 1b,
COE reduced 0.14¢/kWh

... Brake concept reduces risk and

cantrols teetering when parked

Least complex, no lube system and
seals required

Studies showed waximum energy oudput at
17.5 rpm. Higher rpm reduces system
weight and cost, but not sufficiently
to overcome energy ioss.

Reduces Yoads, less covplex hub,
reduced weight, and COL reduces
= 0.4¢/kMh

Steel 13 negligibly heavier due to
fatigue critical loads. Steet tip
approx. $16,000 cheaper than aluminum.
Eliminates development work on aluminum
structure,

For equal performdnce, thie selected
sirfoll results in )ightest rotor and
Teast COE
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TRADE

Desfrability of Emergency
Deisel Driven Generator

Generator Circuit Sreaker
{Nacelle vs, Ground Level)

Wiring Transfer pcrpgs Yaw
Bearing {S1ip ring vs flex
clbles?

Nacelle Yaw Drive
(Electric vs. Hydraulic)

Nacelle Structural Concept
{Truss vs. Heavy Bed Beam
vs. Semi-Monocque)

Nacelle Truss Mambers
(Closed Box vs, Open I
Section)

Tower Configuration
(Saft shell vs. Stiff
Truss)

Tower Configuration
{Soft vs Soft-Soft Tower)

Tower Configuration
{Braced vs. Conical
Base)

Tower Configuration —

(Cone to Cylinder
transition, abrupt vs.
hyperbolic)

Control System
(Analog vs Micro-
processor)

Control System -
Microprocessor Location
{Ground vs. Hacelle)

-y

ORIGINAL PAGE 13
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Table 1-2. Summary of Trade Studies (Sheet 3)

SELECTED
CONF1GURAT 10N

No emergency generator

Nacelle Located GCB

S$1ip Ring

Hydraulic

Truss Yype

Open 1 Sectfons -

Soft Sheil Tower
(freg = 1,3 - 1,5
cycles/rev,

Soft shell tower

Conical Base
(250 inch diameter)

Hyperbol {c Transition —

Microprocessor-based
Digitat System

Macelle Computer and
Signal Conditiontng

1-10

REMARKS

48 vdc - 50 amp-hour batterfes
hancle requirements in the event
of utility power loss

Eliminates additional yaw 514

rings. Less complex, more relfable
and Jeast cost

Nacelle rotation not limited.
Flex cable would require development
and test with high risk of limited 1tfe

Lower cost, smaller size, higher stall
torque, may stall without. damage

Approximately 1/2 cost of other concepts,
Slightly less weight

-—Best weld capabitity, least fabrication

cost

Soft Tower attenuates 2/rev loads.
Lighter, cheaper. COE reduces
1¢/kWh

The soft-soft shell (0.8 cycles/
rev) resylted_tn sma)) diameter
(7 fL) tower. MNot-adequate for man-
1ift and no appreciable cost saving

Braced tower structuratly n-
determinate. Susceptable to
differentia) settlement. Higher
risk with no significant cost
saving_

Hyperbolic reduces local stresses
and eliminates approx. 3600 b
of ring and gussets .

Reliability due to Yess parts,
reduced cost, commercially available
camponents, flexibility to accom.
modate system changes, superior
performance

The ground located system requires
rultiplexing system. Macelle
lacation provides COE reduction
of 0,1¢/kih




ITEM

Rotor

Tower

Nacelle

Low Speed_Shaft -
Quill Shaft

Shaft Coupling
Teeter Bearing

Gearbox

Generator
Gen. Acc. Unit

Bus Tie
Contactor Unit

S1ip Rings
Yaw Bearing
Shaft Bearings

Assembly

ORIGINAL PAGE IS
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Table 1-3. Major Subcontractors
SUBCONTRACTOR—

Pittsburgh - Des Moines Steel Company
Chicago Bridge and Iron

Bucyrus-Erie, Inc.

Bucyrus-Erie, Inc.

E. M..Jorgensen Company

SKF

Lord Kinematics

Stal-Laval

Beloit Power Systems
Golden Gate Switchboard Co.

Golden Gate Switchboard Co.

Electro-Tec Corp.

Rotek

Torrington

BOECON

1-1

FUNCTION
Fabrication
Fabrication
Fabrication
Fabrication

Forging and
Machining

Fabrication

Design .and

Fabrication
Design and
Fabrication
Design and
Fabrication_

Design and
Fabrication

Design and
Fabrication
Design and
Fabrication

Design and
Fabrication

Design and
Fabrication

Construction
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Ressrvior, Pitch Control, SKF Cou
v Brack BEC Warshouss and
Toatar Bearing Bracket Mg Facility (MBE Installations) plings

Sphericat
Bearings Nacelle st
Vaives L/S Shaft

Encoder
Filter

Precision

Potantiometer Hydraullc
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Figure 1-3. Major Supplier Locations
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Following DOE evaiuation of utility proposals, the Bonneville Power
Administration (BPA)} was chosen to be the. operator of the three unit cluster of
MOD-2 machines. The machines were %0 be fnstalled at the BPA site located in
the Goodnoe Hills near the Columbia River Gorge. This site is located near
Goldendale, Washington and generated power is fed to the Klickitat County
utility grid. Site layout plans were developed and 5, 7 and 10 diameter
spacings between. wind turbines established to support the evaluation of
effictency losses due to wake effects on muliti-units in a ¢luster concept. Soil
conditions were-evaluated to enable foundation design. The site was mobilized
under the direction of the Construction and Test Manager. Roads, laydown
areas, foundations, underground power and communication interconnect, utility
substation, and ground electrical facilities were installed. The towers were
erected to support the arrival and installation of the wind turbine system. A
detailed description of the site-preparation and wind turbine erection activity
is provided in Appendix A.

The Assembly and Test Phase. is described in Section 3.0 of this report. In
summary, assembly and verification checkout of the nacelle and contents and of
the rotor was first accomplished in the factory environment prior to partial
disassembly for transporting to the site. The first MOD-2 unit underwent
factory checkout with the nacelle and yaw bearing interfaced to a stub tower
and interfaced to a rotor simulator. This allowed an evaluation of the pitch
and yaw hydraulic actuated systems. After reassembly at the site functional
checkout of all systems was conducted on the nacelle and rotor at the base

of the tower. After satisfying all checkout test requirements, an installation
readiness review was conducted and NASA approval obtained for installation.
Following installation, a sequenced series of tests systematically led to the
confidence to achieve wind powered operation and then synchronization and
operation on the utility grid. This testing sequence {s depicted in the test
flow diagram of Figure 1-4.

The program is currently in the Operations and Maintenance phase. This 0&M
phase has been invaluable in providing engineering data to tune the system for
reducing dynamic loads and improving system performance. Component reliability
and system maintenance problems are being discovered, evaluated, and imprave-
ments incorporated. System availability is showing marked improvement as
initial operaticnal problems are being solved.
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1.4 PROGRAM MASTER SCHEDULE

The chronclogy of significant program milestones as actually achieved is shown
in Table 1-4, Original contract schedule milestones were achieved from
contract award. in August 1977 through the design phases to completion of detafl
design in May 1979.

There were five particularly significant events during the subsequent contract
performance period which jed to major program phasing changes. These were:

(1) Site selection and site.access delay (1979)
(2) Rotor fabrication slides (mid 1980)

(3) Boilermaker union strike (1980-1981)

(4) Winter weather and low winds (1980-1981)
(5) Major equipment failure of WTS No. 1 {1981)

The spectrum of potential problems is evident in these events. The access to
the site for initial preparation of facilities, soil tests for foundation
design, roads, foundation installation, etc., was nearly nine months later than
originally scheduled. The difficulty in forming, fabricating, and heat
treating the large rotor structures resulted in a six-month slide from March
to September-1980 for delivery of the final blade section. Work at the site
was well underway when the boiiermaker's union struck in nine western states
in October 1980. A1l work at sites #2 and #3 was stopped for six weeks. and
picketing held up work on site #1 for two weeks. When finally settled, it was
late November and adverse weather severely slowed work in the field. Although
WTS #1 achieved initial rotation the morning of November 1, much of

November 1980 to May 1981 was lost due to poor weather and below normal winds.

On June 8, 1981, during a planned emergency shutdown test, a pitch system valve
malfunction resulted in an overspeed condition to WTS #1. The overspeed

destroyed the generator and quill shaft and caused minor damage to several

smaller componerts. A1l cperations on WIS #2 and #3 were suspended for five

months while damage assessments, failure investigations and system design

changes were implemented. Operations and.testing of WIS #2 and #3 were

resumed in October 1981 under controlled conditions. WIS #1 returned to —_—
operation in April, 1982,

The program schedule achieved is shown in Figure 1-5.
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Table 14,  Significant Program Milestones

GO-~AHEAD
CONCEPTUAL DESIGN COMPLETE
PRELIMINARY DESIGN COMPLETE
DETAIL DESIGN COMBLETE
FABRICATION START
DOE SITE SELECTION
1ST UNLT SCHEDULE
START SITE PREPARATION
SITE PREPARATION COMPLETE

COMPONENT FABRICATION COMPLETE (LESS ROTOR)
TOWER INSTALLATION COMPLETE
NACELLE INTEGRATION AND TESTS COMPLETE

ROTOR FABRICATION COMPLETE
SITE .INSTALLATION COMPLETE
INITIAL ROTATION

1ST UNIT CHECKOUT COMPLETE

2ND UNIT CHECKOUT COMPLETE

DEDICATION OF SITE

3RD UNIT CHECKOUT COMPLETE

1ST UNIT OVERSPEED INCIDENT

WIND TURBINE OPERATION STOPPED

INCIDENT INVESTIGATION COMPLET
RESUME ORERATION UNIT 3
RESUME OPERATION UNIT 2
RESUME OPERATION UNIT 1
TECHNICAL ACCEPTANCE

FINAL ACCEPTANCE

E
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AUG
JUL
NOV
MAY
JUN

oCT

MAR
JUN
JuL
AUG
AUG
SEP
0cT
NOV
FEB

1977
1978
1978
1979
1979
1979

1980
1980
1980
1980
1980
1980
1980
1980
1981

MAY 1981

MAY
JUN

1981
1981

JUN-1981

JUN
SEP
oCT
oCcT
APR
MAY
ocT

1981
1981

1981 .

1981
1982
1982
1982
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2.0  SYSTEM DESCRIPTION

This section describes the MOD-2 Wind Turbine System (WTS) now operating in the
3 unit cluster near Goldendale, Washington. It is essentially identical to the
configuration described in reference 1 with minor system modifications resulting
from the test phase experience.

2.1  GENERAL ARRANGEMENT AND CHARACTERISTICS

A photo of a MOD-2 at Goldendale is shown in Figure 2-1. The general
arrangement and characteristics of the current WTS configuration are shown in
Figure 2-2. It is designed for operation at sites where the annual average wind
speed is 14 mph measured at 30 feet {20 mph @ hub height). The system generates
electricity when the wind speed at hub height (200 feet) exceeds 14. mph. At 27.5
mph and higher (at hub height), the system is designed to produce its rated
power of 2500 kW. Above 45 mph (at hub height), the system is shut down to avoid
high operating load conditions. The annual energy output at a site with a 14 mph
average wind speed @ 30 ft. is 9753 million kWh. This energy output combined
with an estimated 100th production unft turnkey cost of $2,109,000 (in 1980
dotlars) results in a predicted cost of electricity of 4.1¢/kWh at the bus bar.
During operation, the wind turbine is tied to the utilities power grid through
standard transmission iines.

The WTS is a horizontal axis machine utilizing a 300 foot diameter partial span
control, upwind rotor. The rotor's center of rotation is 200 feet above ground
Tevel. It is coupled to the low speed shaft through an elastomeric teeter
bearing. A 2500 kW synchronous generator is driven via a step-up planetary
gearbox and "soft" quill shaft. The generator, gearbox, hydraulic systems,
electronic controls and other support equipment are enclosed in a nacelle
mounted atop a cylindrical steel tower. The nacelle can be yawed (rotated) to
keep the rotor oriented correctly into the wind as the wind direction changes. A
hydraulic pitch control system is used to control the position of the movable
rotor tips. The movable rotor tips are used to obtain a constant rotational
speed of 17.5 rpm, and to maintain the proper power output at wind speeds above
rated wind speed {27.5 mph @ hub).

The WTS is controlled by an electronic microprocessor. The microprocessor is
designed to allow unattended operation of the WIS at a remote site by monitoring
wind corditions and the operational status of the wind turbine. Equipment
failures result in automatic safe shutdown of the WTS., System status is
monitored at the utility substation, from which maintenance crews are dispatched
as needed.

2.2 SUBSYSTEM DESIGN
This section describes the basic subsystems and major components of the wind

turbine. It is divided into rotor, drive train, nacelle, tower/foundation,
electronic control and electrical power system sections.

2-1
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Flgure 2-1. Goldendale WTS Number 1
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) / Controllable tip
|
46 ft
_L.__ / Tectered rotor
ki
a0 288 In
Bolted ol 445 n
Joint |
\ | Nacelle
1 / 114
Teletar / ‘ f
axls
\ + 4 - ‘_”---_‘_-——F
N Ol
raservolr
— Tower
p—o1 | |+— 120 in O.D.
1] 200 ft
1
Fleld splices
' = Fleld splices
* P {4 places)
50 ft 250in Q.D,—» } -
1
C
¥~ Foundation
\ Rock anchors
Rated power 2,500 KW
Rotor diameter . 300 ft
Rotor type Teetered - tip control
Rotor crientation . Upwind - 2.6° tiit
Rotor airfoit NACA 230X X
Rated wind @ hub 27.5 mph
Cut-off wind speed @ hub 45 mph
Rotr tip spead 276 ft/sec
Rotor rpm 175
Generator rpm 1,800
Ganarator type Synchronous
Gear box Compict planetary gear
Hub Keight 200 ft
Tower Softshell type
Pitch control Hydraulic
Yaw control Hydraulic
Electronic contsol Microprocessar
System power costficlent {max) 0,382

Figure 2-2. Configuration Features end Characteristics
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2.2,1 Rotor

The MOD-2 WTS has a steel, two bladed, teetering, tip control type rotor with
continuous carry through structure at the hub. It utilizes a NACA 230XX series

airfoil rotating at 17.5 rpm (275 ft/sec tip speed). The basic construction is a
welded steel shell with steel spar members.

As shown in Figure 2-3, the rotor is divided into three primary sections; the
tip, the mid section, and the hub section. The tip (outer 30%) is rotated with
respect-to the remainder of the blade to control rotor speed and power, .The tip
and mid sections are the working portions of the blade. The hub section is

attached to the mid section with a field splice. and 1s a transition from an
airfoi) cross-section to_an oval cross-section.

—73%C
—G3INC
—ITc

It _
88

Figure 2.3. Rotor Configuration

2-4




ORIOINAL A 1]
OF POOR Gl iTY

= NACA 23028
T=41.18
C = 138.00 (147.00}
C=138.00 8=+2845°

temm oM iy (oo
. N c ™ 1 . LY 1]

cesass  Se7224  GIRNG o-e s

646 §=.2,08° sf d Sta aén'm 8=120

@ 1650 480 ’

: 1 . Twitaxisl=C/2 ’
= == P |
\ Pivot Bolted splica—" a

6O% ﬁ-‘o 60% C- :{ 60% C- éa‘TEE} ¢ Sym
gl ~ iy

Dise 353 | +264507+ | b=~57.00
Disc Al Die

Figure 234, Steel Rotor Design Details
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The rotor was fabricated from ASTM A633 steel by Pittsburg-Des Moines Steel

Company at plants located in Ogden, Utah and Des Moine, lowa. Sections of the
rotor during fabrication-are shown in Figure 2-4,

o, JET.
- tip section

S Blada
mid section

Tester bearing
installation

Blade
hub section

Boited
joint flange

Figure 24. Rotor Assembly
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Each tip is controlied by a hydraulic actuator mounted on tne blade mid section
adjacent to the tip section as shown in Figure 2-5, The flow control to the
actuators is governed by a signal from the automatic control system to servo
valves. The position of the tips 1s monitored by position transducers and fed
back to the control system. The normal rate of rotation of blade tips is from
0.1 to 1 deyree per second.

Spindle

%

Spindla support <¢ ﬁtation

Figure 2-5. Tip Spindie Installation

In the event of critical system faults, the actuators drive the blade tips to
the feathered position at rates of 4 to 8 degrees per second (depending on
actuator position), using energy stored in separate hydraulic accumulators. The
pitch rates are such that under any failure mode, no overspeed will exceed 1L%
of normai rpm. Redundancy is provided by the ability of either one of the
operating actuators to shut down the system should one actuator become
inoperative. Locks are provided to hold the blade tips in the feathered position
when the hydraulic system is depressurized.

The blade tip section with the spindle assembly and the hydraulic actuator are
attached to the blade mid section as a unit (Figure 2-5). The attachment is
made by 6 bolts for ease of assembly and removai. Either blade tip can be
removed independently from the WTS. The spindle protrudes inte the blade mid
section in a way which provides a load path for centrifugal and bending moments.
Tapered rings at the outboard rib and a close tolerance bushing at the inboard
rib assure a tight fit between the spindle sleeve and the mid section of the
rotor. The bearings are lubricated with a long-life grease.

2-7
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The pitch control h{drau}ig system consists of an electrical .motor driven gump,
reservoir, accumulators, filters, heat exchangers, control valves, associated

plumbing and .actuators, Hydraulic components not located in the blade are

installed on and rotate with, the low speed shaft (Figure 2-6). This eliminates
any requirement for a hydraulic slip ring,

AccumuTators

Hydraulic
flex 1ines

Reservoir
Hydraulic Pump
Teeter brake

Figure 2-6. Pitch Control Hydraulics

Because the hydraulic system is located in a rotating environment, special
attention has been applied to design for this environment. The components on
the low speed shaft are exposed to approximately 1.3 g's and the reservoir has
been tested in this environment with no adverse effects. The blade tip control
actuator, rotating in an 11 g environment, has been selected with oversize rod

and piston bearings, and is in the retracted position when exposed to this
environment,
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The attachment of the rotor to the low s?eed shaft is by a teeter type bearing,
which minimizes the one per revolution blade flapwise loads and the effects o

small unsymmetric gusts, resulting in reduced fatigue loads. The teeter motion
takes place in two radial elastomeric bearings which also transmit the rotor
output torque into the rotor (low speed) shaft (Figure 2-7), The use of the
elastomcric bearings eliminates lubrication requirements and prevents fretting
that would be likely to occur if roller bearings were used, The elastomeric
bearings consist of concentric alternate layers of sheet steel and rubber bonded
together forming a package that is highly flexible in torsion and provides the
required radial Toad capabiltiy.

Low speed shaft -
Blade center section /_/

Low spged shaft  _
Teetor shaft balt flange

- Teeter stop

Teeter brake caliper
Lz 7 / (attached to the low -
_ speed shaft)

- - ~¥h_ Teeter orake disk

&7 .‘*; {attached to the blade)
< Q Access hatch

Elastometric radial bearing

Figure 2.7, Teeter Bearing Installation
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Stops are provided to 1imit teeter motion to t6.5°,
provided to prevent rocking when the rotor is in the standby mode, and to
dampen teeter excursions during starting and stopping. Subsequent tests have
shown that the teeter brake is not required, and therefore, the brake has been
disconnected. During erection, the rotor, with teeter bearings and upwind end of

the low speed shaft installed, can be 1ifted in one piece and bolted in place at
the low speed shaft bolt flange using 32 bolts.

A teeter brake was

The teeter bearing is fabricated by Lord-Kinematics in Erie Pennsylvania.
Figure 2-8 shows the bearing during cyclic load testing in the Boeing test
facility. A detailed description of this test is provided in paragraph 3,1.5.

o

Teeter Teater
bearing bearing
housing

Figure 2-8, Teeter Bearing Li% Test
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A major concern in the design of the welded steel rotor is the ability to assure
safe operation for the structure's 1ife in the cyclic load environment. The rotor
{s subjected to approximately 200,000,000 alternating stress cycles in its 30 year
1ife. Fatigue cracks can develop due to internal material. or weld flaws or from
external damage. Therefore, a crack detection system was developed to provide for
an automatic safe shutdown prior to the crack progressing to a critical failure
size. Cracks detected can then be repaired and the system returned to operation.
The rotor assembly is completely sealed except for a known orifice in each blade.
Compressed air is then regulated through flow meters to maintain one psi in each
blade. A schematic of the system is shown in Figure 2-9. An unbalance of flow
between the two blades indicates a potential crack and initiates shutdown of the
machine. Inspection and repair of most crack problems can be accomplished without
removal of the rotor.

Blower Process air Reactivation

inlet filter air outlet
Da-

’ humidifier
Pressure control
(1.0 psi) /w{:', L : Q, Reuctivation air

inlet filer

Overpressure IW1 E}
Ehgf " L Check valve
O psi Venturi no. 1 Venturi no. 2
m 1 m
: -—:—1- Test port (typlcal)
| Hi t— 2in. duct
No flow[ — 1.0 in CPVC pipe
no. 1 ¢ wesmn 0.25 in nylen tubing
Comp. %"
no. 1 |=2
' Hi
Comp
| no. 2 Lo
No flo H
‘ o flow -
no. 2 Lo
To blade no. 1 To blade no. 2

Figure 2.9, Blade Crack Deteetion System Block Diegram

2-11




ORIGINAL PAGE IS

O0R QUALITY
2.2.2 Drive Train OF P Q

The drive train subassembly consists of a lTow sbeed shaft, quill shaft, gearbox,

high speed shaft, couplings, rotor parking brake, and generator. These major
components are shown in Figure 2-10,

Rotor brake
Gearbox haft

Qil inlet \ A
. )
i‘ ‘ {
: Gonerator
s Low spead P
| haft assembl -
| shatt @ Y-— - 2 High speed

shaft/couplings

Zid

"= Flex mount —.

Low speed QOil outlet

A -
! P N &

f i '\\ \} ﬁ shaft Removable coupling
! \.% @g 2L Quill shaft

¥ > Fixed coupling

Teete* bearing interface

Figure 2.10. Drive Train

B el bl ar L S e
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The large diameter low speed shaft transfers the rotor forces into the nacelle
structure through the two shaft support bearings. The forward bearing supports
the radial load while the aft bearing transfers both thrust and radial loads to
the nacelle. The rotor torque is transmitted to the gearbox through the “soft"
quill shaft. The purpose nf the softness is to reduce the two per revolution
rotor torque fatigue effc:ts at the gearbox and to improve the quality of the
generator output. Figure 2-11 shows the stifting being instailed in the nacelle.
The quill shaft to gearbox. coupling is produced by SKF of Sweden. This coupling
is installed with a press fit and carries torque through friction. It is
hydraulically actuated for ease of installation and disassembly.

Electrical power and control signals are transferred from the nacelle electrical
power and control unit by brushes and a slip ring assembly on the quill shaft. The
s1ip ring is split in two halves to allow removal and replacement without de-
coupling the drive train. This slip ring, as well as the yaw slip ring are
produced by the Electro-Tec Corporation of Blacksburg, Virginia.

Forward Low speed Aft bearing and
bearing shaft support structure

Figurw 2.11. Low Speed Shaft Assembly Installation
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A 103:1 step-up of rpm from 17.5 to 1800 rpm 1s provided by a three stage
epicyclic gearbox, which is smaller, lighter in weight, less expensive, more
efficient and more tolerant to support deftections than a parallel shaft type
gearbox with a similar rating. The low weight of the gearbox (39,000 ibs)
simplifies the overal) design of the supporting structure. It is flexibly mounted
to the nacelle to reduce the effect of nacelle deflections on gear loads.
Maintenance within the nacelle is enhanced by the small size of the gearbox.
Figure 2-12 shows the gearbox being assembled at the Stal-Laval plant in Finspong,
Sweden.

Assembled
gearbox

Firtt stage
planet carrier

Figure 2-12, Gearbox Assemibly
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The generator is a synchronous electrical ?enerator, rated at 2500 kW. The unit is
an open frame, drip proof, four salient pole brushless machine that operates at
1800 rpm and has a shaft mounted exciter. The generator utilizes jcurnal type
bearings lubricated by a forced o0il system supplemented by a passive scoop
lubrication system. Additional information on the generator bearing jubrication
system 1s provided in Section 6.3.8. This generator (Figure 2-13) is provided

by the Beloit Company of Beleit, Wisconsin.

Lifting lug Bearing temperature Parking brake
{4 placas) semor mounting bracket

‘ . . n-;
.

-
:?;;,; ;. ¥

.

.’

l".

|

: Bearing access Oil drain Ol leveal

: cover sight gage
E

fi Figure 2-13. Generstor
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The high speed. shaft with disc-pac couplings is shown in Figure 2-14, 1t
incorporates a chain drive sprocket and a parking brake disc. The chain sprocket
s used in conjunction with an electric motor and gearbox to provide the ability
to position the rotor for maintenance. The rotor parking brake minimizes rotor
rotation when the WTS is not running. This prevents gearbox damage due to steady
rotation without lubrication. The braking mechanism consists of a disc mounted on
the high speed shaft and a spring actuated brake attached to the gunerator frame.
The brake 1s disengaged by an electrically actuated hydraulic valve and engaged by
spring force when the electrical circuit is open. The disc utilizes a replaceable
element to minimize maintenance.time in the event of brake disc wear.

As a result of the FMEA and maintainability studies, provisions for a positive
mechanical lock mechanism are incorporated in the high speed shaft. This prevents

rotation of the wind turbine during maintenance periods.

Flex disc Chain Parking
pac

sprocket brake disc

Figure 2-14, High Speed Shaft
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The nacelle houses the major subsystems of the MOD-2 WTS such as the drive train,
generator with its accessories, yaw bearing and drive, and associated hydraulic
systems for pitch and yaw control shown in Figure 2-15. Other equipment in the
nacelle includes generator cooling air ducts, gearbox oil cooling radiators,
maintenance 1ighting fixtures and wall plugs, electronics cooling and heating
system, general nacelle air circulating system, fire protection equipment, and
maintenance provisions equipment.

1ts primary functions are to provide a rigid mounting platform for the system
components, react to rotor loads and provide environmental protection for the

components.

G\%’-HIND

SENSORS

GEAR BOX
OIL COOLER

ATRCRAFT
WARRING LIGHTS

GEAR BOX

NCU RACK

REMOVABLE
ROOF PANELS

GEAR BOX OIL

‘\1\ RESERYOIR
N Y HALOR BOTTLE

l); (FIRE EXT SY5)
H  \GENERATOR

NACELLE TO
TOWER ACCESS

NACELLE TO
PLATFORM ACCESS
— GRAVITY
ROTOR ACCESS SHUTTERS "NACELLE TONER
MAINTENAKCE
PLATFORM

Figure 2.165. Nacelle Equipment Installation
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The nacelle structure is of welded ASTM A36 and A633 steel truss construction and
man.factured by Bucyrus-Erie Inc., in ''ocatello, Idaho. Its primary dimensfons are:
36.8 feet long, 9.3 feet high, and 11.3 feet wide. The top and sides are sheathed
with corrugated steel sheets, and the floor is steel safety plate. A central floor
hatch provides normal access from the *~wer, and a second hatch provides access to
thetower platform.

Primary considerations in the design of the nacelle were maintainability and
safety. The MOD-2 design utilizes two overhead monorails for equipment handling.
One of these extends through a large door in the downwind end of the nacelle. It
can be used in conjunction with a portable hoist to raise equipment from the
ground. There are also large overhead hatches for the installation or removal of
large pieces of equipment. Care has been taken to allow sufficient room for
maintenance procedures to occur within the nacelle.

Safety features of the nacelle include an integral fire extinguisher system, non-
powered emergency manlowering devices for emergency egress, the ability to remove
an injured person on a stretcher, and the positive mechanical shaft locking device.

The nacelle also houses the yaw drive system. The yaw system connects the nacelle
to the tower as shown in Figure 2-16. It rotates the rotor and nacelle into

the wind.at a rate of 1/4 degree per second, and holds them in position as
commanded by the yaw control system. A1l rotor and nacelle loads are transferred
to the-tower through the yaw bearing which is of a three row roller configuration
with an internal ring gear. The raceway diameter is approximately 120 inches in
order to handle the large overturning moments and to react to the rotor torque.

Figure 2-17 shows the yaw bearing produced by ROTEC, Inc., of Aurora, Ohio.

Proper nacelle orientation to the wind is maintained by the yaw control system. The
control system utilizes a wind sensor to determine wind direction. To allow for the
short period, wide directional variations common at low wind speeds, the yaw
control system uses averages to determine wind direction. The control system then
provides commands to the yaw drive system with the goal of maintaining orientation
within *7 degrees of the wind direction to minimize energy losses. If the average
deviation over an approximate 6 minute period exceeds +7 degrees, the control
system will initiate yaw drive to align the nacelle with the wind vector. If the
yaw error, averaged over a 25.6 second period, exceeds 20 degrees, a similar yaw
correction is made and if the yaw error averaged over 2 minutes exceeds 20 degrees
the machine automatically shuts down.

The yaw drive system operates at 2,000 psi and consists of an electric motor,
hydraulic pump, heat exchanger, reservoir, filters, and the necessary valves

and tubing. These drive a hydraulic motor which runs a pinion meshing with the
gear on the inner face of the yaw bearing. The drive pinion and shaft are
protected from overload and cubsequent mechanical damage by limiting the capacity
of the yaw drive hydraulic motor.

Six brakes hold the nacelle from inadvertent yawing due to wind loads during "no
yaw" operation. The yaw brake calipers are spring actuated and hydraulically
released through the yaw drive hydraulic system. This is a failsafe feature
assuring that the brakes are applied if there is a hydraulic failure.
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2.2.4 Tower/Foundation and Facility Layout

The nacelle assembly 1s supported by a 193 foot tall. cylindrical welded ASTM A572
steel tower, The tower 1s 10 feet in diameter with a base section flaring to 21
feet in diameter at the ground. It is bolted to a foundation of reinforced
concrete as shown in Figure 2-18. At Goldendale, 72 rock anchors 28 feet long
attach the foundation to bedrock. The tower s manufactured and erected by Chicago
Bridge and Iron Company.

The tower is designed to have a low natural bending frequency (approximately
1.3 per retor revolution) to reduce the alternating rotor loads transmitted
to the tower.

An external platform near the top of the tower provides access to service the yaw
brakes and wind sensors,

The tower contains an. internal cabie/drum type 1ift to provide transportation from
the ground to nacelle. The 11fi ends at a platform near the top of the tower, with
final nacelle access by a ladder as shown in Figure 2-16. A ladder with safety
cable runs the entire height of the tower to aliow access/egress in the event of a
1ift failure. The power and control cables run from the electrical slip rings at
the top of the tower, down the tower side to the bus tie contactor unit located on
a separate concrete pad external to the tower. A step-up transformer is also
located on this pad. Additional electrical and control equipment is Yocated in the
tower base. The power cable lines are buried from the tower to the utility
connection at the transformer pad.

A typical facility layout is shown in Figure 2-19 and an aerial view of the 3 unit
facility layout is shown in Figure 2-20,
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Figure 2.18. Tower Foundation
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2.2.5 Electronic Control System

The control system provides the sensing, computation, and commands necessary for
unattended operation of the WTS as shown in Figure 2-21.

The controller is a microprocessor which is located in the nacelle control unit and
jnitiates startup of the WTS when the wind speed is within prescribed limits. After
startup, it computes blade pitch and nacelle yaw commands to maximize the power
output for varying wind conditions. Continuous monitoring of wind conditions, rotor
speed power and equipment status is also provided by the microprocessor which will
shut down the WTS for out-of-tolerance conditions.

A control panel and Cathode Ray Tube (CRT) terminal are located in the tower base
to provide operating and fault data displays and manual control for maintenance. A
remote CRT at the utility substation will provide display and limited WTS control.
Fault code history display is provided at the remote CRT to identify maintenance
requirements prior to dispatch of the maintenance crew.

The WTS is protected from computer system failure by an independent failsafe
shutdown system. The failsafe system also provides sensor redundancy on critical
components, and-initiates shutdown independent of the primary control system when
necessary. The design of the failsafe system was governed by the results of the
FMEA (Reference 2). As a resuit of the failure incident resulting in overspeed on
Unit #1, a third independent set of valves provides shutdown for an overspeed
condition. Figure 2-22 shows the automatic shutdown system employed to assure
failsafe operation.
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' & Bus tie contactor commiand
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Figure 2-21. Control System Block Diagram

2-22




ORIGINAL PAGE
OF POOR QUALITY

il
wsAs umoprnys/Alajes 2Z-Z unbty
[ wown ] | E_Ham | T 7 5]
r 3 —
| +
Ruans BULSHd o5,
e e UMOPINYS RULION 0L sewod 10 xingeaduat NN
o FTLME SIOND WOUML
| 1 ...Ei.xgusnnal!ar! oy
e o3y
TR | wasks oav |
| anxoea oot | wess onuoy | wasis rosee o0 My
& ATUOIPUAS OF lungee 4
4 : »{10GIND Ut yhiy) aGUe Ltd WedX3
Washs umopune PeIeIep e
!:E!Eo_ 25U sperg
= : Pud dn paukiagQ
g~ LOSALL PUNDLS)
UOLEDEINP XORLD PNl
#10463 puim/uonNod Me A, |
a0
(1o 3xmag) Mo| wresaud aytaq s010y o
o
oii UoRNod ASS __Eu.u.u....-t:_?n.aco__ UORRINA v
H0LIB 1RPCOUR wdy MO| RIrDasd PO XOQBET) od
paddin. ayesyiey » 61y 24maraedianl 10 xOqEes)
s50( samod 3,0G mdey L MOY MESAdLLE] JO XOGES)
a0 MO bt (10 XOQEED)
_ (POBBOID SIS} O] MO 10 XOGASD)
UOKNq do¥ < — uBty wy | (S577} Sauramsedicios Buimeg
Aduabaws 553 wes) daug U | SALL
yb1y Wal ayesiey
dayesd WO syiq
(uey aunssasd auy wngey _Bo._ﬁ.&_lt_ NO) 1P} ‘LEIEAL MR 4
wonng ol Asualisais (enuepy 1m0 (3na) __o.NSE_. 0| R\ JOWIUUIR G
{aate daay () swn Gopunem o Hney Euna H“u. PelSo ety 1O Paly
WRIAS [0RUGY) | " W ybiy asmuiadwm po Ry
SWIASAS HIMIDAL MO| unesasd “windde Asusbause Yty
ayespey ¢ moj sbmypad “wne Auebaewe Yy
by wdy JUMEIPLRIM 0MOd AR Mo| Jnecaid 4O me )
Sumedua SuLmag G0 A0 M) NG ybty uEanduiag 10 ME 4
MO| MnEsasd 10 XOQmaDy ™ w0 a TWarshg NgIpAn
yBiy ameadway (1o xoqeIn 10419 101204 JaMC4 .
uel) sauqg L uonRaNaId Yre pUNoIc) L (INGIND DUt M0} 3ding ssinod moy
et TUALINDIIAG SNOMICIURIE| MAOf MO, NO BULISEG 200RI00NE)
U0 SINEII] NI JOTLIIUSE) UOIIEILIXS JO $397 umrsdurs o Butiteq Joteausg
WAILIAG JWNT DY TURLITD FEHMBY LMRACWILIMMO TUIDUIM JOIRISURE)
WASAS F2MO (BHINT WHISAS A0 [ILL01 WEAS MOy BRG

. - o e iy Y T e e =




A

ORIGINAL PAGE IS
OF POOR QUALITY

Tre control software for the microprocessor occupies approximately 12,000 bytes of
programmable read-only memory with an additional 4,000 bytes of random access
memory for operating and history data storage., The software control cycle is
accomplished at a rate of 10 Hertz to provide a one Hertz response digital feedback
control to the blade pitch system. 1In addition, each program cycle aiso samples
all sensors, schedules the proper operating mode, and generates commands as
required to control nacelle position with respect to the wind,

2.2.6 Electrical Power System

The WTS electrical power system is designed to deliver power to a utility trans-
mission network. The system consists of the electrical equipment required for the
generation, conditioning and distribution of electrical power to the utility and
within the WIS as shown in Figure 2-23. In normal operation, the generator
receives its power in the form of torque at synchronous speed from the gearbox.,
Electrical power at appropriate voltage 1s delivered at a utility interface point
which is the output side of a fused manual disconnect switch located at the foot
of the tower. Once the WTS and the utility are electrically connected, the
existence of the tie will automatically result in generator voltage and frequency
control since the utility power grid is effectively an infinite _bus to the WTS.
Thus constant generator and rotor rpm will be miintained.
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Figure 2-23, Electrical Power System Block Diagram
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The MOD-2 electricai power system employs a four-pble synchronous generator
containing an integral brushless exciter. It is a 3 phase, 60 Hertz, 4160 volt
generator rated to provide 3125 KVA at 0.8 power factor, j.e., 2500 kW, at
altitudes to 7,000 feet, or temperatures to 50 degrees C. Excitation control is
provided to maintain proper voltage prior to synchronization with the utility and
to provide a constant power factor output afterwards. Protective relays are
provided 0 guard against potentia) electrical faults, out-of-tolerance performance
or equipment failures. These relays will detect overvoltage, loss of excitation
underfrequency, overcurrent, reverse phase sequence, reverse power and differential
current, and will protect the system by inhibiting synchronization, directing the
control system to shut down or, if required, trip the generator circuit breaker.
The operation of these protective relays was governed in part by the results of the
FMEA and standard utility practice.

Power is delivered to the utility transmission line through a bus tie contactor.
Its operation is controlled by automatic synchronization equipment, located at the
tower base. Accessory power for operation, control and maintenance is obtained from
the utility or generator output depending on the operating mode, and is internally
conditioned to appropriate voltage levels. Eight six volt batteries in series

floating across a charger, provides an uninterruptable power supply for operation .. _

of protective devices and critical loads.
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2.3 SYSTEM PERFORMANCE

The performance of the MOD-2 WTS {s specified by its system efficiency curve, its
power and energy output distributions, and its annual energy output.

The efficiency of the MOD-2 WTS is described by a non-dimensional number known
as the power coefficient. Physicaliy, the power coefficient is that fraction of
the wind's kinetic energy passing through the rotor disc which is converted into
mechanical or electrical energy.

The system power coefficient for the MOD-2 WTS is shown in Figure 2-24. As
indicated on the figure, the system power coefficient is derived from the rotor
power coefficient and the efficiencies of the drive train and electrical sub-
systems. Also indicated on Figure 2-24 is a rated power line for 2500 kW at sea
level standard conditions.

The system efficiency curve can be translated into a power distribution curve
when the atmospheric density is given.

0.5
Cut-in  Design Rated Cut-out
<o O O <>
14 mph_20 mph 27.5 mph 45 mph
oz L =
Drive train and
slectrical system losses
[+
2 R
- otor
i o3l ™~
L2
& o2}
0.1
0 ] |
0 10 2 30 49 50 60

Wind Speed, mph (a1 hub height = 200 ft}

Figure 2-24. Cp Versus Wind Speed - Sea Level Std.
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The MOD-2 system design-power output distribution is shown in Figure 2-25 for
standard temperature at sea level and 7,000 foot altitude. The cut-in, rated and
cut-out wind speeds are also indicated on this figure. Actual operational
performance currently experienced during the checkout and acceptance test phase
is discussed in Section 5.0.

Cut-in Design Rated Cut-cut
oo O O &>
14mph 20mph 27.6 mph 45 mph 50 mph
: '
E H_
- 1
L f =
c ’L Sealevel STD—={ |
% / L
o
L ) S / 1
,—-——7,000-& alt, STD —— —--'
i
. % " l
0 1 | { ] L

0 10 20 30 40 50 €0
Wind speed, mph (at hub height = 200-ft)

Figure 2.25, System Power Output Versus Wind Speed

The energy output frequency. distribution for the MOD-2 WTS is derived by
combining the output power distribution curve with the wind frequency
distribution for a given site. The design energy output frequency distribution
for the MOD-2 WTS is shown in Figure 2-26 for sea level standard conditions. The
associated design wind frequency distribution is presented in Figure 2-27. This

design wind frequency distribution was specified by the NASA for MOD-2 design. It .

represents a typical wind environment for potential wind turbine sites. The
frequency distribution is typical of a site with a mean wind speed of 14 mph at
an elevation of 30 feet and was used for optimization of the WIS characteristics.

The area under the curve is indicative of the time the WTS spends in different
operation regimes. Approximately 59% of the time the WTS experiences winds
between cut-in (14 mph) and rated (27.5 mph), while 18% of the time the wind
speed is between rated and cut-out (45 mph)., The remaining time (23%) the wind
turbine experiences either winds too 1ight or too strong for operation. Of this
idle time, most occur due to low wind speeds.

The annual energy- output of the MOD-2 WTS (based on the design wind frequency
distribution) is obtained by integrating the energy frequency distributfon
between the cut-in and cut-out wind speeds. For the MOD-2 WTS, the total annual
energy {is 9,753,000 kWh, including the 0.967 calculated system availability. The
MOD-2 WTS derives 61% of its energy when operating between the cut-in and rated
wind speeds, while 39% of the annual energy is derived when operating above rated
wind speed.
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Figure 2.26. Energy Output Frequency Distribution
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Figure 2-27. Design Wind Speed Frequency Distribution.
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Table 2-1 presents a summary weight breakdown. The rotor weight includes the
teeter bearing and rotor cap structure tc the drive train interface (11ft weight

at installation). The combinatfon of drive train and nacelle represents the 1ift

weight at installation onto the tower.

Table 2-1. Weight Summary

ELEMENT WEIGHT (LB)
Rotor 198,000
Drive Train 93,000
Nacelle 82,000
Tower . 255,000

Total Above Foundation 628,000

. 2.5 COST

} 2.5.1 100TH Unit Production and Maintenance Costs

Estimated 100th production unit costs for the MOD-2 WIS are summarized in Table
2.2. The turnkey estimates inciude all costs associated with the manufacture,

3 assembly and installation of the WIS. The manufacturing costs are based upon a
3 dedicated high rate production facility producing 20 units per month with

- installation in farm sizes of 25 units.

TURNKEY ACCOUNT

e L

2-29

Table 2-2. 100th Production Unit Costs ($1980)

COST ($1,000)

. Site Preparation 201

Transportation 37

Erection 163

Rotor 370

Drive Train. 477

Nacelle 262

Tower 344

Initial Spares & Maint. Equip. 19

: Non-recurring 44
3 Total Initial Cost 1,917

f Fee 10% 192

3 Total Turnkey C 2,109

i Annual Operations and Maintenance 19
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The estimated costs of operations and maintenance (0&M) for the mature production
units in a 25 unit farm are based on the reliabi1ity analysis of Mean Time Between
Failure (MTBF) and the Mean Time To Repair (MTTR) calculations. These data, as
provided in Section 2.6, define the maintenance manioading requirements and the
spares and equipment requirements for annual 0&M costs.

The data in Sectfon 2.6 substantiate the turnkey account of spares and maintenance
equipment and the annual 0&M costs as tabulated below:

Unscheduled. Maintenance 6,900 mhrs/year
Scheduled Maintenance 1,825 mhrs/year
Administrative Tasks 925 hrs/year

Total— 9,650 mhis/year
9,050 - 25 WTS x $25/hr. = $9,650/Yr./WTS

OR
2-2 person shift/day, 6 days per week = $10,000/Yr. /WTS
plus contingencies
Parts and outside services = $8,750/Yr./WTS
Total Annaul 0&M = $18,750/Yr./WTS

The Cost of Energy (COE) is then based on the contract defined formulation:

COE = I.C. x FCR + AOM
AEP

where I.C. = Total WTS Cost = $2,109,000

FCR = Fixed Charge Rate = 18% per year
AOM = Annual Operations and Maintenance Cost = $19,000
AEP = Annual Energy Production = 9,753,000 kWh

COE = 4.09 ¢/kWh (1980%)
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2.5.2 Initial Production Costs

Estimated initial recurring production costs for the first three MOD-2 units are
shown in_Table 2-2A. .. . o

Table 2-2A, MOD-2 Estimated Unit Cost Breakdown

DOLLARS IN THOUSANDS

UNIT 1 UNIT. 2 UNIT 3
HOURS 61,709 55,540 52,218
DOLLARS - DIRECT LABOR $ 843 $ 758 $ 712
FRINGE BENEFITS 330 297 279
OVERHEAD _ 442 399 375
TRAVEL 203 183 173
ADMINISTRATIVE 545 491 462
DELIVERABLE MATERIAL : 2,143 2,078 2,082 .
M&E INSTALL 375 338 316
SITE PREPARATION - 332 298 281
TOWER ERECTION 87 78 73
SITE 1 & CO 581 523 . 491
ASSEMBLY & TEST SPARES. 77
OTHER 135
COST TOTAL § 6,093 $ 5,43 $ 5,217

2.6 SAFETY, RELIABILITY, AND MAINTAINABILITY

Recognizing the importance of developing a safe and reliable system, considerable
effort was expended to ensure that the MOD-2 design was inherently reliable and
free of safety hazards to the public and maintenance personnel. Early in the
preliminary design phase, a thorough Failure Mode and Effect Analysis (FMEA)
covering more than 750 potential faflure modes was initiated, resulting in
numerous design changes to eliminate or reduce the consequénces of hardware
failures (see Section 2.7). Detailed retiability failure rate estimates were
prepared down to the component level. Each component was assigned a failure rate
based on past experience with similar components in the electrical utility and
commercial aircraft industries. Trade studies were conducted on indfvidual mjor
components to arrive at a balance between relfability and cost with the objective
of achieving the lowest cost of electricity. Selective redundancy was applied
where the need was indicated by the FMEA or initfal relfability estimates.
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In order to achieve a high 1n-commission rate (availability), 1t was also
necessary to ensure that equipment faflures were easily repaired and the system
restored to operationa) status. Each component was examined from the standpoint
of accessibility, the need for preventative maintenance, spares support and
materials handling. Detailed estimates of repair times and maintenance manhour
requirements were prepared and a maintenance concept developed.

Along with the FMEA, a safety gross hazards analysis was performed to ensure that
applicable OSHA requirements were met or exceeded and to incorporate safeguards
to the public such as atrcraft warning lights, an ice detection system and a
rotor crack detection system.

The results of these analyses are presented below; and the experience to date on .
the operational MOD-2 units is presented in Section 5.5.

2.6.1 Safety

A MOD-2 safety analysis was conducted to identify personnel hazards associated
with the operations and maintenance of the MOD-2" WTS and to ensure that such
hazards were eliminated or reduced tu an acceptable leve]. Potential safety
problems were identified by reviewing the MOD-2 drawings and specifications,
failure mode and effects analysis, and preliminary maintenance scenarios. All
potential hazards were noted and corrective action implemented where necessary,
Since the MOD-2 is ap unmanned system, hazards can only occur: (1) from
aircraft impacting the tower, nacelle, or rotor, {2) to the public as a result
of rotor structural failures, ice being thrown off the rotor, unauthorized
entry into an operating system, or (3) during maintenance.

Table 2-3 contains a summary of the potential safety hazards and the applicabie
corrective actions.

2.6.2 Reliability

The MOD-2 WTS availability goal is .96 with a minimum requirement of .90 for
mature production units. Achievement of a .96 availability is realistic when
compared to conventional power plants. The primary cause of low availabilities
of conventional power plants are the outages due to the fuel fired steam
generator which does not have a counterpart on WTS.

Cost vs, availabi]ity/reliabi1ity trade studies were conducted to arrive at
design solutions that yielded the lowest cost of electricity. These analyses
show that the .96 availability is a cost effective goal. Availability estimates
were compiled for all major MOD-2 WTS components down to the piece part level
using failure rates and repair times being experienced on similar components 1n
commercial applications. Table 2-4 summarizes the avaflability analysis,
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Table 2-3, Safety Precautions

ITEM CORRECTIVE ACTION

Obstruction to Aircraft ®Compliance with FAA Advisory Circular
70/7460-1E, dtd. 11/1/76, “Obstruction
Marking and Lighting"

Hazards to Public
® Rotor Failure ®3Safe Life Design

®5tructural Tests

®Crack detection_System-Shuts Down WTS

® Flying lce ®lce Detection System-Shuts Down WTS

® Unauthorized Entry ®Steel Door, Locked, and Auto Shut Down
in Case of Unauthorized Entry

Hazards During ®General Safety Design Features

Maintenance ® Occupational Safety and Health Act of
1970 (Public Law 97-596) and appli-
cable State Safety Regulations

®MIL-STD-1472, Human Engineering Design
Criteria for Military Systems, Equip-
ment and Facilities

e [EEE Standard 142-1972, IEEE Recommended
Practice for Grounding of Industrial_ —
and Commercial Power Systems

® ANS1 C2 American Nationa) Standard,

National Electrical Safety Code, 1977
Edition

®Maintenance Personnel Safety Features
eCapability to remove person on stretcher
®Fire detection and extinquishing system
e Emergency exit doors and “Rescumatic"
device to allow egress from either end
of nacelle
®Ability to lock rotor in horizontal and
vertical positions (lock on high speed shaft)

¢ Maintenance scenario and estimated Q0 + M
Cost assume "buddy” system

® Operations and maintenance manuals
contain safety cautions
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Table 2-4, Availability Analysis

Number of Mean time | Ayerage annual outage hours
item system fallures| to repair Availability
{Control number) per year (hours} ]
(i [i=- Hours/year % of total

ROTOR

Blades & hub 82 68 B5.8 220 8937

Piteh control mechanism 2.1 1 23,2 9.1 9974

lce and crack detection 29 17 49 1.8 8994
DRIVE TRAIN

Low speed shaft, bearings & electrical

distribution .83 68 57.3 225 9935

Quill shaft & couplings A 48 7.2 2.8 .9992

Gearbox & gearbox sensors A8 30 145 5.8 99883

High speed shaft, couplings, rotor

brake .23 11 25 1.0 0997

Lubrication system D= - - - -

Generator 09 48 4.4 1.7 8945
NACELLE

Structure & wind indicators .50 8 4.0 1.6 9996

Yaw drive system 1.40 28 39.8 15.6 0956

Electrical cables & slip rings .36 9 3.2 1.3 0886

Generator accessory unit a7 7 5.2 2.0 8994
TOWER

Tower assembly .10 8 8 0.3 .9999

Electrical cables & equipment 1.06 7 7.4 2.9 0892

Control subsystem 3.0 8 24.0 9.4 9973
TOTALS 1___2__1__ 20.9 254.2 100 a7

50% of schedaled maintenance (from Taimenance Analysis) 36 hours __@__6=7‘

[ Includes application of 75% duty cycle where appropriate
[i=> Includes all causes of downtime {Administrative delays plus hands-on time)
Et> Redundant system for gearbox. Sump system for low speed shaft and generator included

in these subsystems,
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Detailed maintenance analysis has been performed to identify labor requirements,
tools, and equipment. The demand frequency and repair time estimates for un-
scheduled fault maintenance of a mature unit are summarized in Table 2-5.

Maintenance tools and test equipmeni are discussed in Section.5.5.2. Total cost
for this equipment is approximately $10,000 per wind turbine in a 25 unit farm.

A spares analysis was conducted to identify the inftial inventory of.spares for
the 25 unit farm. Each spare requirement was established based on criteria that
the cost to carry the spare{s) must be less than the penalty of lost electricity
when waiting for the replacement part. This calculation includes the failure
rate, reorder time, average power production rate, value of power, and the fixed
charge rate on the initial investment. This analysis derived the estimated cost
of initial spares inventory at $5,000 per unit for a 25 unit farm. This low
value is based on a production scenario of 20 wind turbines per month where a
central spares depot could support many farms of wind turbines.

2.6.3 Maintainability and Maintenance Concepts

The design goal of .96 availability can only be achieved if the system

is highly maintainable. A1l MOD-2 drawings have been reviewed by a maintain-
ability specialist to ensure ease of access and to enable each component to be
removed and replaced or repaired in place. The major features incorporated to
support maintenance are shown in Figure 2-28. The key elements of the
maintenance concept for the 25 unit farm are summarized below:

0 Operations and Maintenance Manual defines scheduled and fault maintenance
tasks.

0 Training for dedicated maintenance personneil.

0 Electrical/electronic and mechanical technicians.

0 Two shift coverage, 2 man crews, six days per week.

0 Additional support crews for major fault repair.

»

0 Use of outside services

r shop repairs, special tasks and heavy
equipment rental.

0 En-s{te maintenance equipment - portable tools and fixtures for materials
andling.

0 Utility depot spares availability - Electronics and small items in panel
truck.
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Number of Repair/inspect time | Total annual maintenance.-
unscheduled {manhours per year) manhours
maintenance
avt;t;:) ns per Scheduled Unscheduled Manhours % of total
ROTOR
Blades & hub 82 28.0 42.0 70.0 20.1
Pitch control mechanical 6.22 4.2 76.4 798 228
lee and crack detection 37 056 5.8 6.3 1.8
DRIVE TRAIN
Low speed shaft, bearings & elsctrical
distribution 1.16 7.0 364 434.. 124 .
Quill shaft & couplings 15 - 48 48 i4
Gearbox & gearbox sensors 62 13.2 18.7 3.9 9.2
High speed shaft, couplings, rotor
brake 31 2.4 3.0 5.4 1.6
Lubrication system 40 2.4 34 5.8 1.7
Generator 09 - 28 28 .8
NACELLE
Structure & wind indicators 70 4.2 (= 9.8 14,0 40—
Yaw drive system 2.80 6.2 26.3 3256 93
Environmental control system 0 3 A 4 A
Electrical cables & slip rings 36 1.0 2.4 34 1.0
Generator accessory unit a7 - 43 4.3 1.2
Electricai facilities 10.50 > - 31 31 8
TOWER
Tower subassembly 1 26* 7 33 10
Electrical cables, lightning protection
& equipment 1.45 1.0 17.4 18.4 53
Control subsystem 3.2 - 19.2 19.2 55.
TOTALS 20,04 B | 28 | mes | 1o
{18.64 excluding aircraft.warning lights)

D- Includes application of 76% duty cycle where appropriate

(== Primarily aircraft warning lights

* “Excludes painting time which is accomplished at the same time that the rotor is painted
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Drive train and teeter locks
Personnel harness/attach.points ———-—L 1

Roof access ladder
Warning placards -/

Monorail mounted ground-nacelie holat

. Automatic fire suppression (Halon)______
=== Stretcher avacuation

Rescumatics

Speciaily designed rotor ————s-
rnaintenance device

Maintenance platform for

yaw system
lce detection.system ——»] - Manlift and internal ladder
Tip removal provisions /
¢ Designed for failsate operation Tower access door interlock

¢ Buddy system used for maintenance
* Periodic maintenance scheduled to
ensure integrity of safety systems Manual control and fault monitoring
(transportable to nacelle)

Figure 2.28. Operations, Maintenance and Safety Festures
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2.7 FAILURE MODE AND EFFECTS ANALYSIS

The failure mode and effects analysis (FMEA) was initiated during preliminary
design. The purpose of the FMEA is to identify all possible failure modes and to
ensure that the resulting effects will not endanger personnel or cause damage to
the wind turbine eguipment. At the Detail Design Review, the documented FMEA was
delivered_to MASA and subsequently released as reference 2.

The component FMEA's were completed by the cognizant designers and reviewed by
systems engineers and a reliability specialist. Failure rate data was
incorporated. The major sources for the failure rate data vere:

1. Non-electronic Reliability Notebook, Rome Air Development Center, January
1975, AD/A-0C5 657,

2. Reliability of Electrical Equipment in Industrial Plants, 1EEG Survey.

3. Component Removal Data - 727, 737, 747 Commercial Aircraft, compiled by
The Boeing Company.

4, Component Removal Data - 107 Helicopters.
5. RADC Reliability Notebook.

The "k" factors used to account for envirommental differences were based on the
following groundrules:

1. _Rotor - equivalent to helicopter and “unmanned aircraft" enviromment.
2, Nacelle equipment - equivalent to “manned aircraft" enviromment.

3, Ground equipment - equivalent to "ground, stationary" environment.

An example of a completed FMEA worksheet is shown in Figure 2-29. The failure
severity code_is_described in Table 2-6.
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MOD-2 Failure Made and Effacts Analytis

SUBSYSTEM COMPONENT PAGE,

| MOTOR JBUME ASSY FME;\NQ;A.S.].?&B
TUNGCYION OF COMPONENT
PROVIDE HYDRAULIC POWER FOR OPERATIGN QF PITCH CHANGE MECHANISH

FALVREMPIRFORBIATP0R NO PRESSURE - PRODUCES LOW PRESSURE ALARM

APPLICABLE
OPERATING MODES |

WTS SHUTDOWN

F,G,H

2. LOW HYDRAULIC FLOW - REDUCES PITCH CRANGE RATES, MOMENTARY LOW

PRESSURE ALARM = WTS SHUTDOWN F.G,d
3 EXCESSIVE HYDRAULIC PRESSURE - OVERHEATS HYDRAULIC FLUID. - WTS
SHUTDQWN F,B,H
o LEAKS - EXTERNAL
FGH
FAILURE FREQUENCY FAILURE SEVERITY
FAILURE | COMPONENT MEAN TIME
FAILURE | MODE FAILURE RATE | BETWEEN FAILURE MINIMAL MARGINAL CRITICAL CATASTROPHIC
MOCE NO.[ FREQS | ;08 0cp yaum LrEARS) ! i v .
1 50 38 6.1 X
2 20 38 15,2 X
3 100 17 6.7 | X
FA4|I.URE DET%SNON METH3OSDS 19.0 b

1 LOW PRESSURE ALARM _ wTS SHUTDOWN

3 LOW PRESSURE ALARM - WTS SHUTDOWN

4 -~ LOW LEVEL ALARM~ WTS-SHUTDOMWN

3. OVERHEAT ALARM = WTS SHUTDOWN

OISCUSSION AND CORRECTIVE ACTION LIF APPLICABLE)

[wams D, W. KING

{oateg/9/78

QPERATING MODES

A SHUTDOWN

O. TRAMSITION TO STANDBY
- TAANSITION TO WARM.UP
C - WARM.UP

£ . STANDBY
F- TRANIITION TOOPERATE

G. OPERATE
t- FEATHE

Rev. 10/25/78

H. TRANSI;ION TO FEATHER

n-x418200

Figure 2-29, Example of FMEA Worksheet
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This analysis of FMEA provided a disciplined method of developing the failsafe
protective systems. Figure 2-30 depicts this approach. In general, redundant

load paths for major structural components were not economically feasible, so a
safelife design concept is employed. That is, a conservative spectrum of 30 years
blade cyclic loading, with a conservative allowable flaw size was used to develop
the fatigue stress allowables used to design for 30 year life. In addition,
periodic inspection is defined and a crack detection system as described in
Section 2.2.1 provides warning of crack development ana system shutdown prior to
a crack growth to the critical failure length. The electrical/mechanical systems
provide redundancy where appropriate and protective sensors to initiate a micro-
processor controlled safe shutdown for operating parameters outside of a safe
tolerance. Critical faiiure modes are identified which require a "fast" shutdown
(i.e. high tip blade pitch rate using the emergency accumulators). Also, certain
critical paramaters trigger a backup failsafe control system which is independent
of the microprocessor control system. The most critical parameter of rpm over-
speed also triggers a third independent emergency shutdown system. Parameters
critical to generator protection also provide for opening of the generator

i circuit breaker. The critical parameters and their safety shutdown systems are
’ shown in Fiqure 2-22,
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Table 2.6, FMEA Safety and Failure Severity Categories

Impact
Hazerd Parsonnel
category Funstion Rapalr cont Tima to repsir | Injury
wd
Noos Uncler $1,000 Under 2 dwyy Nom
Minimel [
ondd md
None Under $1.000 Under 2 days First ol — .
criticat
Marginel >
or or
Lon of Up to $10.000 Upto 10Days | Hospitel
Critical function
ot
Lomof.. ?m ?&“ Fotal or
sytten 10,000 pomianent
Cutmtrophic [ dirable

[E= Minor ams tht con be repaired with convenlence.

bﬂolﬂuo‘fm

%0 svoid shutdown.

[ cousn wTs stwitdown.
b Duwstruction of mejor slement such & rotor or geer box

ng capability, but repalr must be sccomplished within 2 resln

MOop-2
FMEA
documentsd
|
Structural Electrioal
subsystema .. ::‘ﬁ';:ﬂ':;"
Falsats Normal
Redundant &3 System
load paths :;“.”,f,‘,’,'.'“ Controked racundancy
ahutdowns
] 4
¢ Notmal rate
Ssteiite Em:' = Fast rate
structure identiflsd . :::'d shutdown
L 3 m
i ¥ ] ¥
Backup Ehctiicel
in tion amd Emergency felsate erieration
ﬂmem ohuﬂgmn cormn: g\rmm
orfterie system system protection

Figure 2-30. Failsafe Protective Systent Dewlopment
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In summary, the FMEA's identified nearly 1,000 failure modes and correctiyve
actions were fmplemented to preclude costly failures, Tahle 2-7 summarizes the
protective approach to major failure modes. Needless to say, the overspecd
Tncident to WTS #1 brought about a comprehensive review of FMEA and instigated
several corrective system hars ire and software thanges.

Table 2-7. FMEA Summary

e ———

or st tip-bisde inter-
face

& Inboard joint-rotor to hud
bolt or flange weid
Tuilure

& Broken tester trunnion or
fisnge cracks

® Buckling inboard sectiom
or hub eompression sking

Orive

¢ Brokem low tpeed shaft,

® Broken quill shaft
bulkhead joint

* Toater shaft or flange

Lass of load smergency
shutdown effectad prior

to resching demaging over-
meed (see memo K-6265-55-
487, DTD, 18 Oct, 1078)

Possible rotor low

Fallure mt:;; B Eftect Pnt‘n;rl—c;rmﬂv;:cam o
Structurat feilures
Rotor
* Biscls Fatigus cracks Lass of part of rotor snd « Safe life design
® Soar buckling postible secondary damege ® Fatigus tmty
& Fatigus crack at contro) If allowed to progress * Inspaction scheduly
tip spindls end thread ¥ Pousible crack detaction

sy stam
& Mid-biade msembly buckiing
1t

® Safe tila design

& Strain goge zorreiatipn

nirface to tero pitch
* Control linkage to one tip jam

® Control system signel to both
pltch actustory incorrectly
drives control 1urfaces to
oo pltch

& Power output sensor Inits,
calling tor power Increese
when rystem is sirasdy nt
full powsr output

Elwctricel power fafurm

& Synchror, rer provides
signal to clowe bus tie
contactor 100 soon of
100 late (WTS not proper
phaw ralationship or
voitogs to mate with bus)

@ Lowm of eornmercial povrer
while WTS b at rated
poveer

S

signals. Shutdewn oceurs prior
to dameging ovarspesd

Emergancy shutdown triggered
by generator output power
sentor. Shutdown occun
prior to demaging overspesd

Damaging overspesd possible
i1 losd drops off prior to
Initiating shutdown

High current tramient
snising high torque towd on
the generator that could
cause mechaniosl damege to
rstor o dilve trsin

Shutdown ocours prior te
demaging overspeed
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T & Safu lifa design

* Fallure of struciure Could initiate collapss ® Safe life: ssign
or foundation

Control system failyws

@ Signal to one tip Incor- Emargency shutdown triggered None required, analysi
rectly drives controf by ditterentiod of tip poaition verlfies that one tip

operative can safsly stop
rotor (vee memo K-8285-
85487, DTD 18 Cct. 1978

None required

Eystamn changed to commaend
shutdown prior to lowd
dropping aff. Also, back-

up powar sansor signel sent to
controller

Synchronizer i fulty
recdundant and fad wafe

None required, ses memo
K-620858.58 487, DTD
18 Oct. 1978
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3.0 TESTING

Development of the MOD-2 WTS has required considerable testing to establish
design criteria, provide data for checkout and acceptance, and establish
turbine performance. This testing is discussed in the following sections.

3.1 DEVELOPMENTAL TESTS

Development tests were conducted to verify static strength, fatigue and
operational characteristics of components to meet a 30 year 1ife requirement.
The following sections describe the component tests, test results and

their impact on component design for these tests not discussed fully in
References 1 and 5.

3.1.1 Lrack Detection

The crack detection system incorporated in the MOD-2 was designed to detect
through-thickness cracks in the rotor blade and shut the wind turbine system
down prior to catastrophic failure of the rotor. The system pumps warm dry
air through the blade interior and dumps the air overboard at the inboard end
through an orifice. The flow through each blade orifice is monitored, and the
difference between blade flows is an indication of the existence of another
exhausting orifice, which could indicate a through-crack. The determination
of the minimum length crack which could be detected was estimated using design
parameters, for flow through a given sharp-edge orifice. However, the flow
through a crack-1ike orifice is at best difficult to predict, especially under
the time varying state of stress in the structure. To minimize false atarms,
the critical leakage rate should be reasonably high, yet low enough to provide
a comfortable margin between detection and structural failure. Fracture
toughness testing was required to provide the data necessary for assessing the
critical crack length for the MOD-2 blade material, for which toughness has
been assumed as being 125 ksi in.

3.1.1.1 Operational Test

A test was conducted to verify that the MOD-2 crack detection system possessed
adequate sensitivity and stability to detect a given crack in one rotor blade

as well as to detect maifunction of the system. Two 12,500 gallon tanks were

used to simulate the air volume of the two rotor blades. Cracks in the blades
were simulated by use of a manual valve and flowmeter on each blade simulator.
The wind turbine crack detection system was located indoors and was connected

to the blade simulator tanks located out of doors.

During testing of the crack detection system, i+ was found that the blade
orifice tubes had to be shortened in order to increase the air flow and thus
increase the sensitivity of the system to air flow imbalance between blades.
The system was able to detect malfunctions such as blower failure or air
blockage. A 2 psi over-pressure relief valve was incorporated to prevent over
gressuring the blades, and a check valve was added to the dehumidifier outtet.
he ability of the system to deliver dry air to the blades was confirmed. A
system calibration procedure was established.
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3.1.1.2 Crack Air Flow Test

A crack flow test program was carried out on pre-cracked specimens .25 inch
and .50 inch thick. The objective of the program was to experimentally
develop a means of determining air fiow rate through a crack in a rotor blade
under varying stress, pressure differential across the crack, and plate
thickness for different crack lengths. Each specimen became the closeout
panel of a rectangular flow chamber in which the pressure was varied by
varying the inlet flow rate. Cracks of 9 inches and 17 inches were tested on
the thicker panel, and cracks of 12, 18, and 24 inches were tested on the
thinner panel. The test panels were clamped to the edges of the flow chamber
s0 that the application of end 1oads on the specimen would produce uniform
stress across the uncracked portions of the specimen. Gross area stresses
were varied up to 9 ksi and flow pressures (pressure differential across the
crack) ranged up to 4 psi.

The state of stress affected the crack opening and thus the mass flow through
the crack., The results of the testing indicated that the mass flow_through a
crack would follow the relationship:

m = 2.7 x 10-3(¢)-.25( 91.65(4)1.90¢ p)+5
where m = flow in (CFM)
t = thickness {in)
a = 1/2 total crack length (in)
p = Pressure differential across thickening (psi)

o= stress (ksi)

3.1.1.3  Fracture Toughness Test

The fracture toughness tests were conducted on two pre-cracked specimens
fabricated from .25 inch and .50 inch thick ASTM-A572 grade 50 material to
verify that the toughness was greater than 125 ksi in. as assumed. The width
of each specimen was 60 inches while the pre-crack was 24 inches long. The
specimens were sized to give "valid" data up to 125 ksi in. and conservative
results above 125 ksi in. The criteria for "valid" data was: 1) a net
section stress less than 80% of yield, 2) an initial crack length less than
40% of the specimen width, and 3) a gross area stress less than 18 ksi (the
maximum design stress in the rotor). To obtain valid plane strain fracture
toughness data would require specimens better than 22 inches thick; these
would not be representative of the MOD-2 structure. Each specimen was
instrumented with crack propagation gages on the same side of the specimen 1in
a manner such that a stable crack growth of 4.8 inches could be monitored.

The thicknesses selected for testing were representative of those used in 80
percent of the rotor but less than the 1.0 inch employed out to Statfion 90,
Experimental limitations precluded the testing of 1.00 inch plate. The
material used was not desulphurized as the rotor material was and also had a
higher minimum yield strength than the rotor material. The materia)
substitution was necessary because the proper material was not available,

Both the lack of desulphurizing and higher strength would tend to decrease the
fracture toughness of the material.
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During testing, the center portion of the specimen was enclosed in a styrofoam
box which acted as a cryostat. Thus the test portions of the specimen was
maintained at a temperature of -40°F, the minimum operating temperature for
the wind turbine. The test load was applied at a rate such that a stress
intensity of 125 ksi 1in. would be reached in 30 seconds. The .25 inch thick
specimen failed at a net area stress_of 55 ksi, which was greater than the
guaranteed yield strength of 50 ksi. The material toughness was well in
excess of 225 ksi in. The .50 inch thick specimen failed at a net area
stress of. 46.2 ksi and an apparent toughness of 188 ksi in. Neither specimen
satisfied the criteria for "valid" data because they both failed at too high a
stress. It is apparent from the data that fracture toughness of the rotor
structure is well in excess of 125 ksi in.

3.1.1.3 Crack Detection System Evaluation

The mass flow operation developed in the crack flow test and the fracture
toughness results were used to evaluate the ability of the crack detection
system to detect cracks prior to reaching critical. length. Figure 3-1 shows
the relationship of crack fiow, as a ratio of detectable. fiow rate, to_the
number of hours a detectable crack becomes critical. The relationship is for
the blade station 360 which has the minimum time before a detactable crack
becomes critical.

10 ¢~
Measured loads Station 360
WaibuH wind. speed distvibution

Critical crack.

Fiow rate
IDotnmNe fiow rate
o
]

o | -k L { ok }“ 1 [
0 10 2 N 40 ] o 70_ (]
Hours of operation

Figure 3-1. Crack Detection System Capability for Blade Station 360




KA e

)

ORIGINAL PAGE 1S

OR QUALITY
3.1.2 Rotor Rib Field Joint OF PO

The MOD-2 rotor blade has a field assembly splice at blade radia) station 360
which attaches the blade mid-section to the hub through ribs that are welded
to both skins and spars. The bolt attachment is symmetric about skin and
spar. The joint is highly stressed under fatigue-loading, and a test program
was conducted to validate the joint for MOD-2 design. The results of this
test provided additional substantiation for the crack growth model discussed
under material testing.

The testing was carried out using an MTS {Material Testing System) test
machine under the design fatigue spectrum of loads for the Joint. The results
shown in Figure 3-2 indicate good correlation was obtained between predictions

and test results. The fatigue analytical model was validated and was used to
design the-field joint.

Load

Ci:tical area with \ 1 Specimen @

induced flaw

Critical area with / L]l l Spec.men @

mduced flaw

Load
Test Data
® Filict araa stress {psi) 18,000 18,200
¢-Imiual flaw length {in) 0.248 0.234
® Predicted fatigue hife 17,000,000 17.000.000
cycles cycles
& Test specimen life 18,953,754 21,191,227
cycles cycles

Figure 3-2, Rotor Blade Field Joint Test
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3.1.3 Rotor Spindle

The spindle test program was performed to substantiate the structural
integrity of the rotor blade spindle and its supporting structure. The design
: requirement to rotate the blade tip section resulted in complex structural
; load paths surrounding a spindle bearing structure. A complex finite element
stress-analysis was performed to evaluate this structure,

The test program objectives were:

(a) To validate the analytical means for predicting the deflection and
internal stresses of the spindle and supporting structure,

(b) To define the areas of high local stresses in the spindle and
supporting structure, which occur during normal operating conditions
of the wind turbine.

E (c) Vvalidate the operation of the pitch control system
|

The tests were performed by mounting the spindle section of the blades in.a
cantilevered position and applying combinations of flapwise and chordwise
loads selected to produce one full 1ife of fatigue damage on both the upper
and lower blade surfaces, The test specimen include all blade structure
between spanwise stations 1140 and 1360. The pitch actuator and supporting
hydraulics were also included. Specimen test loads were imposed by a series
of hydraulic actuators connected to the outboard end of the specimen through a
rigid adapter fitting. A schematic of the test setup and the loads are shown
! in Figure 3-3.

: Upper surface .

Schematic of specimen .-

; lpad fixture . \\
i -

/ Strongback

{Outbd end

\Chord-line ® Sta 1249
of specimen)

Chord-line @ Sta 1260 Ad:pter fixture

Figure 3-3, Schematlc of Spindle Fatigue Test Set-up

Lot il e e TN R, R b, 2 ET Tt A R AT
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Strain, deflection-and applied loading data were recorded for all test ‘
conditions. The instrumentation consisted of 73 strain gages, 12 deflection
transducers, 7 load cells, and one angular potentiometer.

A1l test objectives were achieved. The 30 year design life was demonstrated
and good correlation was obtained between predicted and measured stresses.
The areas of high local stress were identified by analysis and confirmed by
test (Figure 3-4), No additional high stress areas were detected, ana all
margins of safety in the critical areas were equal to or greater than
predicted. (Predicted values in () in Figure 3-4).

Sta 1249 S1a 1209 Sta 1144

JITI Y

et ] i e

T. T U 1§
o dirak v}
R

Gape no.1?
M.S = +0.46 (+0.82) ~—
0= 21960 ps: {17,710} \

—— Rear spar
|
1

— — Foward spar
Gage no.10 :

M.S. = 0.17 (0251 = h' s
O=14,785ps-(%3.890_)\'. =R,

A SRS ol A1 .

. 3] A&l 1 Tt F—I'q

Gage no.21

M.S. = +0.24 (+0.46) ot Gage no 22

0= 12,980 ps: (10,590) M.S. = +0.11 @ Hole edge (+0.24)
0 = 28,900 pst {25,825)

Figure 34, Margins of Safety at Critical Locations of Test Specimen

3.1.4 Pitch Control Testing

Pitch control system testing included the
specimen as a means to functionall
pitch control system.

use of the spindie fatigue test
y test the hydraulic swivel in the blade-tip

The swivel is that portion of the hydraulic supply that
provides the connection between the fixed portion of the blade at station 1249

and the tip actuator. The swivelling motion is from a tip position of -5° to
+94°, The testing of the swivelling joint included simulated startup,
operate, and shutdown blade-tip pitch action as well as dithering for extended
period of time. During the spindle fatique test, the contro! system was
active and was used to pitch the tip section to operating or critical shutdown
Toad positions (5° or +28°). It was also used to maintain a given pitch
position of the tip during the imposition of the time varying test loads. The

control system held the pitch position to + .1° under load application,
thereby validating its design stiffness,
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In order to develop and check out proposed changes in the pitch contro)
system, open and closed Voop frequency response tests werc performed on the
cyclic load test hardware. The test hardware provided the proper pitch
actuator hydraulics and simulated tip rotary ifnertia. The objectives of the
test were to evaluate proposed changes and optimize control system parameters
to guarantee a 1 hz frequency response and demonstrate required stability
margins. Varfous control system changes were evaluated on a patch board to
arrive at an improved control system,

Computer simulation of the control system had demonstrated.that frequency
response must exhibit a gain of -30 dB to +9 dB at 1 hz and outer loop
stability requires a gain of at least -5dB at 180 degrees phase shift._ The
transfer function data obtained from the improved pitch control system of the
cyclic load test specimen satisfied these-requirements. Hardware ana software
modifications were later implemented and optimized during system integration
testing.

3.1.5 Teeter Bearing

The rotor is connected to the drive shafting through a teeter hinge and its
elastomeric radially {teeter) and axially (thrust) loaded bearings. The
radial bearings react rotor thrust, rotor driving torque, and rotor dead
weight loads. The axial bearings are basically to react rotor dead weight
when the rotor is approximately horizontal, as well as lateral components of
rotor thrust.

3.1.5.1 Qualification Testing

The first elastomeric teeter bearing was subjected to qualification tesis by
the manufacturer in order to assure bond quality and to obtain performance
data.

The soundness of the bonds between rubber and steel shims as well as between
rubber and hub structure was verified by rotating tke inner hub +15° relative
to the outer ring structure. The angular motion was 2.3_times the expected
extremes of travel during bearing operation ( 6 1/2°). The torsional
stiffness of the teeter bearing was ascertained at -40°F as well as at room
temperature. The results of the stiffness tests indicated compiiance with
bearing design specifications.

3.1.5.2 Fatigue Testing

The teeter bearings had been designed with methodology developed for much
smaller bearings used in the helicopter industry, and those used in the oil
industry that require application of low stress low motion design. Because of
lack of test data and experience on bearings of the MOD-2 size, as well as the
fact that the 1ife requirement was well beyond even helicopter experience, it
was decided that a fatigue test was required. In addition, this test provided
data_for maintenance and inspection procedures. Spectrum testing for the 200
x 106 cycle equivalent of the 30 year design 1ife would be out of the
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question since the operating rotational frequency is 17.5 cpm. A review of
the operating loads and teeter angle spectrum indicated that, bearing

testing with applied loads of ratad drive torque loads in combination with a
time varying rotor weight load, as well as a rotation to maximum teeter angle
(£6.5° to the teeter stops) applied for 2 x 106 cycles would expose the
bearing to an equivalent 30 year 1ife. The test bearing was Instrumented with
strain gages, thermocouples, load and displacment transducers.

Throughout the test, the radial spring rate did not vary at all, and the
torsional spring rate had reduced 7% by the end of the test, well below the
20% failure criterion set by the bearing supplier. Stabilized temperatures in
the rubber were approximately 150°F without fan cooling, and 135°F with
cooling. Design operating temperatures will be well below the no-fan cooling
temperature because design operating teeter angles are of the order of *2 to
*2 1/2°, not the %6 1/2° continuous oscillation sustained during the bearing
fatigue test. Testing was terminated at 1.8 * 106 cycles due to cost and
schedule contraints. There was no indication of proﬁ1ems which would

significantly alter the test results if the_remaining 0.2 * 106 cycles were
run.

3.1.6 Gearbox, Back-to-Back Test

3.1.6.1 -Fatigue Testing

The epicyclic gearbox selected for the MOD-2 utilized an existing design
concept but its torgue transmitting capability was improved by 200% and its
new design life was 30 years. Because the capabilities extension was beyond
the current state-of-the-art, a qualification test was deemed necessary to
verify predicted performance parameters.

The setected test method was a back-to-back test in which two complete
gearboxes and their lubrication systems would be connected in order to inipose
the high input torques of the operating wind turbine. The high speed output
shafts were connected with a torsion bar, while the torque reactions were
through the low speed shaft flanges, as both low speed shaft flanges were tied
together, The torsion bar preload was varied throughout the test to provide
simulated drive 1ine power variations in operation., A drive motor was
connected to the output shaft of one of the gearboxes, providing the
rotational speed control. The gears of one of the boxes were strain gaged to
monitor the tooth stresses throughout the program.

A spectrum of operating conditions was simulated in the test program during
which it was determined that gear tooth bending stresses were well below AGMA
predictions. Slight modifications to the first stage helical gears' lead
correction angle had to be made. It should be noted that had a ful} load test
not been conducted, such a deficiency would have gone unnoticed. Direct
measurements of gear train efficiency, gearbox breakaway torque, noise levels
and vibration characteristics were made throughout the test.

As a result of the back-to-back test progranm, the fatigue rating of the
gearbox was substantiated up to 155% of design rated torque.
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3.1.6.2  Vibration Survey

When running the gearbox at zero torque during the back~to-back load test, a
rapid buildup of horizontal vibration at 1400 output rpm was experienced. The

frequency was resonant with the test stand yaw-lateral natural frequency. At
Tow torque levels, the third stage planets and sun of this gearbox are free to
move off their rotating center, causing unbalance at the planet passage
frequency.

The gearbox mount lateral stiffness was determined from subsequent tests,
Analysis of the gearbox as installed in the MOD-2 nacelle predicted natural
frequencies well in excess of 2600 rpm. Therefore no mount vibration problem
at planet Passage frequency was expected. This was subsequently confirmed in
integration testing of the instalied gearbox.

3.1.7 Modal Survey

Modal survey testing of wind turbine systems and their components is an
important part of the design and testing process. The modal survey is an
effective way to ensure that the wind turbine subsystems meet performance
expectations., After evaluating alternative testing techniques, it was
conciuded that the MOD-2 modal survey would be conducted with the rotor and
nacelle installed on the tower in the operational configuration. The
advantages were that the system modes and damping would be measured directiy,
including al coupling mechanisms which were hard to model.. -

The testing approach selected involved the-use of a HP 54518 Moda) Analysis
System (similar to the one used for the modal analysis of MOD-0}. The test

1,000 1b. instrumented ram and recording the response of fixed accelerometers.
The overall technique is based on the use of digital Processing and the Fast
Feurier Transform (FFT} to obtain transfer functions data and then use of a

least-squared error estimator to identify modal properties from the transfer
function data. .

A specially designed 1,000 1b. ram was instrumented with a force transducer 1in
its head. The ram was swung from the yin pole used for MOD-2 erection and
allowed to impact one blade tip. To ensure proper impact, the ram was
constrained to follow a cable through the center of the target disc.

The impact force must be of sufficient magnit- de and duration to excite the
significant modes of interest. The ram was valibrated before the modal survey
by varying the stiffness of the ram impact head (interchangeable foam rubber

pads) and varying the swing length to develop approximately 1,000 1b. with 200
ms duration.

The moda) frequencies and dampfng results of the moda) survey are shown 1in
Table 3-1. The data are 2 direct output of the WP 54518 Fourier analyze
systems with the exception of chordwise bending, nacelle pitch and drivetrain
torsion modes which were determined by supplemental analysis.
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The data gathered during the MOD-2 modal survey tests verified the achievement
of required system design frequencies. In particular, the drive train, tower
and blade modes were identified and shown to meet system frequency placement

and separation requirements. The measured damping provided assurance that
design damping assumptions were reasonable.

Table 3-1. Model Survey Results

FREQUENC{
MODE (Per revolution) DAMPING (%)
1 PRED..-| MEAS. MEAS.
>
Teeter 0.14 e ————
Drive Train Torsion 0.46 -0.45 ——--
Tower Bending Fore/Aft 1.24 1.23 1.0
Tower Bending Lateral 1.27 1.28 4,2
Flap Bending Sym. 3.09 3.30 0.35
Chord Bending Sym. 6.22 6.17 .———
Flap Bending Antisym. 6.45 6.55 1.04
Flap Bending 2nd Sym. 7.71 9.6 0.78
Nacelle Pitch [ 8.23
[ Measured with test box beam fixtures on tips
[C> Supplemental data
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3.2 [INTEGRATION TESTS

Integration testing is that system and subsystem level testing conducted on
each wind turbine system prior to inftial operation under wind power. Figure
3.5 shows a test flow diagram for the -100 Integration Tests on units #1, #2
and #3,

3.2.1 Integration Test at Pocatello Unit #1

For. unit #1, a series of tests were performed on the assembled nacelle while
installed on & test stub tower section and with a rotor simulator. This testing
was conducted in July and August of 1980 at the facilities of the MAE
contractor Bucyrus Erie, in Pocatello, ldaho.

3.2.1.1 Electrical Continuity (-101)

This test performed a power-off. paint-to-point continuity check of operational
wiring in the nacelle and the test set up at Pocatello.

3.2.1.2 EIS/MDS/WTS Interface (-102)

This test performed a checkout of the Engineering Instrumentatfon System (EIS)
on the nacelle and to the Mobile Data System (MDS) van. It included continuity
checks as well as power on_tests,

3.2.1.3 NCYU Stand Alone (-103)

This test performed a verification that the NCU was assembled properly and
ready for integration with the nacelle. A separate 48 vdc power supply was
?sed)and the interface with the sensors was simulated by the Field Test Unit
FTU).

3.2.1.4 Nacelle Integration Test {-104)

The general objective of these tests was to gain experience with and verify
functional operation of, as much of the WTS equipment as possible before
shipment to the field site.

The test was divided into 8 sub tests.

-1 Gearbox Lube System checkout_—

-2 Control System checkout

~3 Drive train checkout

-4 Crack Detection System checkout

-5 Rotor Simulator and Pitch System checkout
-6 Yaw Systiem checkout

-7 System Test and 72/12 Hour Drive Train test
-8 Fire Control System checkout
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A summary of the results are as follows:
-1  Gearbox Lube System Checkout

Manual operation of the lube system from the A200 panel was performed
satisfactorily. The test identified a problem with the dehumidifier motor
bearings; a design change has corrected this. Checks of the oil reservoir
heater operation revealed the need for a protective cover over each
heater control unit; a design change incorporated a cover. Checks of the
circulating pump and each lube pump were satisfactory; the pump relief
valve required adjustment to provide maximum system pressure.

Adjustment of the lube oil temperature regulator was performed subsequent
to the 72 hour drive train test. Normal operation of the built-in
instrumentation and the active engineering instrumentation was verified.
Several ofl leaks in the lube oil.module were found and corrected; these
were associated with improper assembly.

-2 Control System Checkout

Checks of the RPM sensors were made and showed several problems; they
included chain.misalignment, wrong sprocket size, and failsafe system
triggered NCU immediately on motion. Changes were initiated and temporary
fixes incorporated to allow the test to proceed. Calibration of the blade
position potentiometers {(mounted on the rotor simulator) revealed servo
valve biases, incorrect servo valve output scaling and grounding and wiring
problems. These were subsequently corrected. Checks of the wind sensors and
the vibration sensor were satisfactory though a modification the vibration
sensor circuit was identified.

-3 Drive Train Checkoﬁt

The generator was direct coupled to a DC controlled motor and driven over
the range 300-1980 rpm. A GAU phase C potential transformer fuse was found
blown during initial checks, however when this was replaced, verification
of phase rotation and voltage regulator settings were accomplished. Checks
of the active engineering instrumentation system were satisfactory.
Generator vibration levels were within specification and no nacelle modes
were identified that would compromise generator performance or reduce life.

The gearbox and low s?eed shaft were also driven over the range 300-1980
rpm using a DC controlled motor coupled to the aft end of the gearbox.
Checks of the active engineering instrumentation and the gearbox lube
system during rotation were mada. Vibration levels were satisfactory at the
gearbox and low speed shaft bearings; no unacceptable resonances were
identified and functional operation of the gearbox and low speed shaft
appeared satisfactory. A substantial oil leak from the rear seal of the
gearbox was identified and action initiated to provide a revised seal that
corrected the leak.
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Crack Detection System Checkout

Checks included, normal flow, high flow and low flow for each blade., All
tests were satisfactory with LSS stationary and with rotating at 17.5 rpm.

Rotor Simulator and Pitch System Checkout

Checks completed satisfactorily included NCU command of pitch position,
teeter brake release at 7.8 rpm, startup times under different wind speeds,
response to rate commands, pitch pump pressure capability, emergency
shutdown commands, 1 hz response characteristics under rate command, and
operation of active engineering instrumentation. Performance that was not
verified included blade tracking during rate commands and emergency
feathering, and startup pitch schedule. Workarounds were used to allow
testing to proceed and changes in the system configuration were initiated.
Deferred tests were planned for conduct in the field prior to erection of
the nacelle..Data from this test resulted in new servo valves and counter-
balance valves being used in the rotor manifold and changes in the NCU
software to improve closed loop operation.

Yaw_System Checkout

A1l manuai controls from the HPU were verified. The yaw rate was adjusted,
however a norn-smooth rotation was attributed to the flow control valves
being too large. Smaller valves were installed and operation was
satisfactory. Yaw brake operation functioned correctly however the system
pressure drop caused an NCU trip. Software modifications were incorporated
to correct this fault as well as a similar problem with the rotor brake
operation., Yaw drag brake operation was verified. The yaw system operation
was verified for yaw errors of less than 7°, 7° to 20° and greater than
20°. Rotor brake operation was satisfactory, however a frequent charging
cycle to keep the brake disengaged was found to be due to a design problem;
a subsequent design change corrected the problem.

System Test and 72/12 Hour Drive Train Test

Verification of automatic mode features of the control system were
completed using a field test unft for certain simulated inputs. These
included an automatic startup, demonstrating wind inputs, yawing, pitch and
lube system pump operation, breakaway, rotor brake release, operate mode,
field and sync enable and bus tie contactor closing signals. This test
showed that blade angles changed properly as a function of power output and
that the system shuts down for low power. Startups in low and medium winds
were verified; startup in high wind conditions was not possible due to a
servo valve bias problem. Automatic shutdowns were demonstrated for
excessive blade angles, loss of utility intertie, loss of one blade tip,
excessive power output fluciuation and overspeed. Automatic startups with
Tive wind was demonstrated. More than 67 hours of operating time was
completed on the rotating system including more than 12 hours of continuous
operation. One objective not met was verification of a normal shutdown (due
to fitch hydraulic problems, see -5 test); this test was deferred to the
field.
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-8 Fire Control Checkout

This test verified operation of two smoke detectors, audible alarm, zone.
alarm 1ight, automatic shutdown of the NCU and exhaust fans, and energizing
of Halon bottle. Al1 tests were satisfactory.

3.2.2 Integration Tests at Goldendale Units #1, #2, and #3

A series of integration tests were conducted on each unit at the test site
at Goldendale prior to wind powered rotation (see Figure 3-5).

3.2.2.1 Electrical Continuity (-101)

This test performed a power-off point-to-point continuity check of operational
wiring in the nacelle, rotor, tower and base facility. For unit #1 nacelle,
this test only examined that wiring which was new or had been disturbed since
the integration testing at Pocatello.

3.2.2.3 NCU Stand Alone (-103)

This test performed verification that the NCU was assembled properly and

ready for integration with the nacelle. The test was performed with an
independent 48Y power supply and used the FTU and breakout box. This test was
a repeat of a test performed in Pocatello, with revised software as a resuit of
the experience gained in Pocatello. A1l hardware performed satisfactorily.

3.2.2.4 Rotor Stand Alone (-107)

This test performed a functional check of the fully assembled rotor hydraulics
using a test hydraulic cart and a servo valve test control box. The ice

detectors were tested for aliveness and the rotor was pressurized to verify its .

leakage rate compatibility with the crack detection system. The blade tip
position potentiometers were adjusted with the tips in the faired position.
The hydraulic checks and ice detection tests were performed successfully. The
crack detection tests identified numerous leaks that were patched
successfully.

3.2.2.5 Rotor/Nacelle Integration (-105)

This test was conducted with the nacelle and rotor installed on top of the
tower. It verified that leakage rates of each blade were within tolerance and
set the comparator pressure switches on the crack detect system. 1t confirmed
that the ice detector circuit was alive. 1t set the pitch system servo loop
gain and bias, and performed a frequency response test on each blade. A manual
pitch test was run in position; rate modes, emergency feathering and teeter
brake operation was checked. A manual rotate test (to 8 rpm) was run. This test
also performed a demonstration of the yaw system including starting, running
and stopping.,

3.2.2.6 Modal Survey (-106)
For unit #1 only, a modal survey was conducted on the completed unit at Golden-

dale. This measured modal frequencies, damping and mode shapes as discussed in
Section 3.1.7.
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3.3 CHECKOUT TESTS

Checkout testing is that system testing conducted on each WTS to show it
functions correctly and is ready for acceptance testing. Figure 3-5 shows a
test flow diagram for the ~200 checkout tests...

A1l checkout tests were conducted at Goldendale with the wind turbine fully
assembled. These tests include a prerotational confidence test, a wind

powered operation test and a system checkout test.
3.3.1 Prerotational Confidence Test (-201)

Prior to wind powered operation, a series of checks were made to assure manual
control functions and failsafe protection were performing.properly. The tests
selected to give the most confidence in system integrity were, emergency
feather operation, rotur brake/yaw brake operation, test van not-ready control,
gearbox over temperature response, overspeed response and excess vibration
response. Some of these tests required special configuration of the system to
allow the test to be conducted since the system has automatic safeguards that
would prevent test conduct. A1l tests passed successfully except vibration
response; this problem was attributed to a bad circuit in the NCU. Since the
EIS also monitored the vibration levels, this did not hold up the test.

3.3.2 Wind Power Rotation Test (-202)

This test was divided into three phases; 8 rpm manual control check; 17.5 rpm
automatic control without synchronization and 17.5 rpm automatic control with
synchronization at below and above rated power.

The 8 rpm test covered startups, yaw direction error, rotor brake operation,
teeter brake operation, sustained rotation of 8 rpm, disc plane adjustment and
teeter activity. The 17.5 rpm test, offline covered startup through the tower
resonance range, speed control at 17.5 rpm, voltage phase rotation and
fre-quency checks and bus tie contactor operation. The 17.5 rpm on-line test
inctuded synchronization and connection to the bus, sustained operation at
below and above rated winds, transition from one fixed blade angle to the other
and dynamic operation at full rated power.

3.3.3 System Checkout Test (-203) WTS #1
The general objective of this test was to verify the requirement of paragraph
3.4.4 of the System Test Plan. These requirements identified 13 test packages

gog?aining 40 items for verification by either test or demonstration {see Tabie

3.3.4 System checkout Test {-204) WTS #2 and #3

System checkout for WIS #2 and #3 was based on the -203 system checkout
performed on WIS #1 but greatly reduced requirements.
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Table 3-2, System Verification-Requirerents (Sheet 1)

*VERIFICATION METHOOSF
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V. Inspeccfon 2, Analysis 3. Devonstration 4, Test

SYSTEM SPECIFICATION REQUIREMENY REFERENCE VERIFICATION VERIF IcATION 353}5?};‘,\?[%
honpea TITLE Falo D2 |3 ]ad 48 | svstom | REFERENCE
3.0 REQUIREMENTS X
3.1 SYSTEM DEFINITION X
3.1.1 General Description 1
3.1.2 Purpose X x
3.1.3 Depioyment x X
1.1.4 System Drawings x
3.1.5 Interface Deftnition x
3.1.5.1 Electrical Power Interface x X
1.1.5,2 Communications and Contro) System Interface x X
3.1.5.3 Utility Personnel. Interface X
3.1.6 Customer Furnished Property H
31,1.6.1 Site X X
3.1.6.1.1 Site Size X
3.1.6,1.2 Site Access Road X
3.1.6.1.3 Site Approvals X
1.1.6.2 Communications X x
3.1,6.3 Power Transmissfon Line X X
3.1.6.4 Electrical Power x]x X
3.1.6.5 Color and Markings X X
3.1.6.6 Mobile Data Acquisition System
3.1.8.8 Utility Substation Space X
3.1.7 Operatfonal Modes x x
3.1.7.1 Automatic Modes x
3.1,7.2 Manual Modes X
3.2 CHARACTERISTICS x
3.2 System Performance and Design Requirements
3.2.1.1 System Power Qutput X X X
3.2.1.2 Wind Speed Design Values x x
3.2.1.3 Service Life H X
3.2.2 Subsystem Performance and Design Requirements X
3,2.2.1 Contro) Subsystem X x
J.2.2.10 Yaw Ortentation Control X X
3.2,2,1.2 Pitch Orientatfon Control X
3.2.2.1.2.1 Rotor Pitch Control X X
3.2.2.1.2.2 Rotor Pitch Offset X
3.2.2.1.3 Teeter Brake Control X x
J.2.2.1.4 Rotor Brake Control x X X
3.2.2.1.5% Rotor Parking Position Control X x
_ e —————————————
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Table 3-2. System Verification Requirements (Sheet 2}

#YERIFICATION METHADS:
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1. Inspec . don 2, Analysis 3, Demonstration 4, Tes!

. SYSTEM SPECIFICATION REQUIREMENT REFERENCE VERIFICATION ) VERIFICATION sicrions
e e Wl |2 fafe 502, | svsven | REFERENCE
3.2.2.1.6 Electricat Power Output Control x X
3.2.2.1.7 Emergency Chuldown X
3.2.2.1.8 Operational Instrumentation x X x
3.2.2.1.9 Control Terminals X X
3,2.2,1.10 Control Subsystem Maintenance REquirements i X
322100 Lighning Protection x
.z.2.2 Rotor Subsystem x| x X x X
3.2.2.2.1. Hub x| = x x
3.z.2.2.2 Blades %] . X X
3.2.2.2.3 Pitch Control Mechanism x X
3.2.2.2.3.1 Pitch Change Rate X %
3.2.2.2.3.2 Blade Feathering x X
3.2.2.24 Teeter Brake x
3.2.2.2.6 Lightning Protection X 1
3.2.2.2.7 Ice Detection x x
3.2.2.2.8 Crack Detection H b
3.2.2.2.9 Rotor Maintenance x]x
3.2.2.3 Drive Subsystem X X X x
3.2.2.3.1 Low Speed Shaft and Bearings x| x X x
3,2.2.3.2 Quill shaft and Couplings X X x x
3.2.2.3.3 Gearbox X X X
3.2.2.3.4 High Speed Shaft and Couplings x|x]x x
3.2.2.3.5 Rotor Brake x]x X
3.2.2.3.6 Lubrication System x|r]x X x
3.2.2.0.7 Lightning Protection x
3.2.2.3.8.1 Low Speed Shaft xhx
3.2.2.3.8.2 Gearbox x|x
3.2.2.4 Nacelle Subsystem . x| x 3 3 x
3.2.2.4.1 Nacelle Structure lxfx x
3.2,2.4,2 Yaw Drive System Ayx X X X
3.2.2.4.3 Environmental Control Equipment x|x X
l.z.2.4.8 Racelle Personnel and Maintenance x x x X
3.2.2.4.5 Lightning Protection X X
3.2.2.% Tower Subsystem x X
3.2.2.5.1 Tower Structure x Ix x x
3,2.2.5.2 Lightning Protection %
3.2.2.5.3 Nacelle Access Device % x X
3,2.2.5.4 Tower Electrical Outlets x
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Table 3-2. System Verification Requirements (Sheet 3}

SYSTEM SPECIFICATION REQUIREMENT REFERENCE VI CATION 1 ¥Eray JCATION scnons
ﬂﬁﬁﬁg'ﬁ”" TITLE |'}A1 2lals g'ggm, SYSTEM | REFERENCE
3.2.2,5.% Tower Interior Lighting X
3.2.2.6 Electrical Power Subsystem X
3.2.2.6.1 Functions X X
3,2,2,6.2 Equipment X X X
3,2,2.6,3 Instrumentation X H H
3.2.2.6.4 Accessory Power X X
3.2.2.7 Communiications - Nacelle to Tower Base X
3.2.2.8 Engin2ering Instrumentation x| x X
3.2.29 Obstructfon Marking and Lighting x
3,2.2.10 Site Securdty Subsystem X x
3.2.3 Reliability x x
3.2.4 Maintainability X
3.2.4.1 Quantitative Requirements x X
3.2.4.2 Qualjtative Requirements X
3,2.4.21 Access H X
3.2.4.2,2 Hand1 ing X X
3.2.4.2.3 Test Equipment
3.2.4.2.4 Skill Levels
31,2.4.2.5 Special Maintenance Features X
3.2.4,2.5.1 Rotor Lock Mechanisms x |x
3.2.4,2.5.2 Rotor Access Device Jx x
3.2.4,2,5.3 Rotor Teeter Position and Lock % Ix
3.2.4.2.5.4 Major Component Removals X
3.2.4.2.5.5 Nacalle Monorails x |x
3.2.5 - Avaflability X %
3.2.6 Environmental Conditions X
3.2.6.1 Wind Environment——— X X
3.2.6.1.1 Wind Gradient X X
3.2.6.1.2 Wind Speed Duration % X
3.2.6.1.3 Gust Design Criteria X
3.2.6,2— Other Environmental Conditions X X

1 3.2.6.3 Lightning Protection Requirements x
3.2,6.3.1 Ligktning Environment x
3.2,6,3.2 Lightning Design Requirements | LE - %
3.2.6.4 Altitude Temperature Environment
3.2.6.5 Altitude Mass Density .

! ) . ) kb ) _

*YERTFICATION METHNDS:
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Table 3-2. System Verification Requirements (Sheot 4)

*YERIFICATION METHADS:
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1, Inspec.don 2, Analysis 3. Demonstration 4, Test:

SYSTEM SPECIFICATION REQUIREMENT REFERENCE wené;ﬁgalloﬁ EEEéEICAT[on 35&1#?#A110H

i TITLE I"’Al 2|3 |4 (Sy2rg | sysvem | REFERENCE

3.3.6 Human Engineering X X

3.3.7 Finishes x|x

3.4 Documentation %

3.5 Logistics x

3.5.1 Maintenance % x

1.6.1.1 $pares Requirements X X

3.5.2 Facilities and Facility Equipment X X

kN3 Personnel and Training X

3.6.1 Personnel Requirements x x

3.6.2 Traintng x X

3,7 Procedence x H

3.2.4.2.5.6 Rotor Tip Manual Posftiening x fx

3.2.4,2.5.7 Gearbox Maintenance X

3.2.4.2.5.8 Rotor Positioning x

3.2.4,2,5.9 Tip Blade Removal x x

3.2.4,2.5.10 Hoist System from Ground to Nacelle x 1

3.2.7 Transportability x]x X x

d.2.%.1 Weight and Dimensional constraints x| x X x

3.2.7.2 Qualitative Handling & Transport Requirements x x

3.2.8 Installatfon and Checkout x

3,2.8.1 Site Preparatfon x[x X

3.2.8.2 Tower Foundation X

3.2.8.3 On-Site Assembly X

3.2.8.4 Tower Erection x x

3.2.8.5 Subsystem Installation X

3.2.8.6 System Checkout x

3.2.8.7 Licenses and Permits X

3.3 Design and Construction x

3.3.1 Materials, Processes and Parts X 1x x x

3.3.2 Nameplates and Product Marking % %

3.33 Workmanship X X x

3.3.4 Interchangeabil ity X X

3,3.% Fail Safe Operation and Personnel Safety X

3.3.5.1 fail Safe Operation X |x x

3.3.6.2 Personnel Safety X fx [x X
*ﬁ' _ ——
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3.4 ACCEPTANCE TESTS (-300)

A series of tests were conducted on each wind turbine as required by para-
graph 2.6.3 of the contract Statement of Work. The results of. these tests
provided the basis for customer acceptance of the completed system. Figure

3-6 shows the documentation used.

For WI'S #1, the requirements for these
Pian.

tests originated from the System Test
This required completion of 137 test conditions. For WIS #2 and #3, and

rebutld of WTS #1, the requirements were consolidated into 52 test conditions.

Tables 3-3 and 3-4 summarize the acceptance requirements and show the
conditions completed.

Basic | Amendment
I contfact I---O --------------- .I’l N°.31 l
— _—— ]
— —_ E
MOD-2 Wind Turbine
System Test Plan
D277-10122-1 :WTS No.1 Operational
: Recovery Plan
l and Procedures
Acceptance lest | D277-10247-1
pesasssaans susnssnsaesed Procedul’e 'Ol' MoD-z I ROV A ]
D277-10122-300 [ Rev B
| Rev A ! Rev C |
I lllllllllllll [T i
i
L ] ) L )
WTS No.1 WTS Na.2 WTS No.3 W;Shﬂiﬂﬂ
Data Data Data aa:'a

Released
' Document
Files

Figure 36. Acceptance Test Documentation
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Table 3-3. WTS No.1 Acceptance Tests

Requirements [i) No. of samples/conditions
planned complated
Startup mode
Low spoad start up 8 B
High speed start up 3 3
Mid spead start up 6 6
Any start up 8 8
Shutdown moda
Shutdown on decreasing wind 3 3
Shutdown on increasing wind 3 0 E)
High speed shutdown 3 a
Low spesd shutdown 3 3
Mid speed shutdown — 5 &
Any shutdown .. 7 7-
Emergancy shutdowns 8 6
Standby moda (psrked)
Winds 35-46 mph 18 18
Winds>60 mph 4 o>
Operste mode
Winds 14-27 mph 12 12
Winds 27-33 mph 12 12
Winds 33-456 mph 12 12
Any wind spoed 12 12
Remote operation
24 hr test {controiled from 1 1
Dittmer)
Power vertus wind speed piot 1 1
100 hrs operation 1 1
Operational mods.demonstration 4 4
Operations handbook demonstration - 8 ]
Total— 137 130

b Per D277-10122-1 (MOD-Z System test plan) as approved in tech directive No, 21 2/4/80
§> Required wind conditions did ot ocour.
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Table 34, WTS Numbers 2, 3 and Rebuilt Number 1 Acceptance Tests

No. of samples/oonditions
Requiremants [T No, of ssmples/conditions completed
planned WTSNo.2 WTSNo3 | WTSNo.t (Rebuilt)
Start-up conditions
Low speed (14-20 mph) [ - B B
Mid speed (20-38 mph) 4 4 4 4
Hi spead {3844 mph) 2 2 2 2
Any spesd 4 4 4 4
Shut-down conditions
Low speed (4-20 mph) 2 2 2 2
Mid spesd (20-28 mph) 2 2 2 2
Hi speed (3844 mph} 2 2 2 2
Any spesd 7 7 7 7
Emergancy shut-down conditions 2 2 2 2
Opersts mods conditions '
14-27 mph 2 hss (min) 2 2 2 2
27-33mph 1 hr (min) - 2 2 2
3346 mph 30 minutes {min) 2 2 2 - 2
Any spesd 10 minutes {min) [ B 9 e 8
Remots.operstion
8 hr teat {controlled from . . 1 ] 1 1 - -
Dittmer)
Powsi varsus-wind speed plot 1 1 1 1
100 hrs oparation 1 1 1 1
Operational mods demenstration 4 4 4 4
Tota! samples/conditions 52 .= 62 62 52

[> Per D277:10122:1 (MOD-2 System test pien) aa appreved In tech directive No, 21, 2/4/80,

3.5 QTHER TESTS

Three specific types of tests have been or_are being conducted at Goldendale
since the machires have been operational._These are:

a; Acoustic Noise
b) Television Interference (TVI)
c) Wake Measurements

These tests are befng conducted under the auspices of the Test Project Review
Board with participation from BEC, BPA, Pacific Northwest Laboratory (PNL),
Solar Energy Research Institute (SERI}, University of Michigan, and Oregon
State Uaiversity.
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3.5.1 Acoustic Noise

In the spring of 1982 SERI conducted a series of tests over a period of six
weeks to measure the acoustic noise emission and effects during single and
multiple wind turbine operations. The tests included the use of noise
measuring instrumentation on the ground, on the wind turbine tower and
airborne, using a balloon. DOE/NASA Document TM 20305-8 {March 1982) provides
planning details, Data collected was incomplete due to factors such as suitable
wind conditions, wind turbine operations, and instrumentation difficulties.
Data are currently being reduced and analyzed by SERI.__

NASA Langley made recordings of the acoustic noise from single and multiple
tgrbLne machine operation in May 1982 and is currently processing and analyzing
the data.

3.5.2 VI

SERI, University of Michigan and BPA collaborated in measurements of TVI from
the MOD-2 wind turbine system. DOE/NASA Document TM 20305-8 (March 1982)
provides planning details. Static data (machine not rotating) were taken using
TV stations at Pasco and Portland as the sources. Dynamic data (machine
rotating) were incomplete due to lack of data with WTS #1 operating alone,
Data are currently being analyzed by the University of Michigan.

3.5.3 Hake Tests
In the summer of 1982 PNL conducted a series of tests to:

a) Document qualitative and limited quantitative information gathered
through flow visualization techniques that define the MOD-2 wake
geometry, wake swirl_and rotor tip vortex persistence.

b) Determine the centerline velocity deficit and its variation with
downwind distance.

Reference 3 provides planning details. Techniques included smoke generator and
balloon supported instrumentation. Results of these tests will be presented by
PNL.

Oregon State University conducted wind flow evaluations near WTS #1 using kites
flown at various altitudes. The objective was to define the structure of the
wake surrounding WTS #1 and to compare these results with a modified version of
the AeroVironment wake model. UData is currently being evaluated by 0SU.
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4.0 CONTROL SYSTEM DEVELOPMENT
4.1 SUMMARY

Since the MOD-2 wind turbine system operation began, a continuing effort has
been made to improve the control system performance. The baseline system
(February 1981) was reasonably successful in satisfying the original design
goals. However, due to excessive cyclic structural loads, modifications. to the
pitch control algorithm were warranted.

After extensive testing, analysis, and redesign, the pitch control
configuration arrived at operates satisfactorily and meets the three design
objectives; namely, good system stability, good power quality, and decreased
cyclic structural loads; however, the annual energy output of the machines has
decreased. An improved control algorithm is presently being tested which will
meet all design objectives and increase annual energy production. _

4.2 BASELINE SYSTEM DESCRIPTION

The MOD~2 control system provides the sensing, computation, and commands
necessary for unattended operation of the WTS. The pitch control system is
that portion of the control system which regulates the angle of attack of the
outhoard section of the rotor (rotor tips). Adjusting the tip angle of attack
is the method used to control power levels and quaiity, as well as alleviating
structural loads..

4,2.1 Design Objectives

The baseline pitch control. system was designed to operate in the wind regime
outlined in the MOD-2 System. Specification.. Specific requirements in that
document that apply to the Pitch Control System either directly or indirectly
are discussed in the following section.

4.2.1.1 Steady Wind Speed

The two regions of. power production defined for the baseline MOD-2 WTS were
above and below “rated" wind speed (V. = 28 mph). The region from ¥y to the
high wind speed cutout (Voo = 45mph) was the above rated.wind speed operating
regime. The design object?ve in this regime was to produce the rated power
output (2.5 MH) with small variations due to gusts.

For wind speeds below V., the design objective was to maximize the power out-
put by staying as close as possible to maximum coefficient of power (CP)
operating conditions.

4.2.1.2 Wind Gusts

A “"design gust" {(Vw > 28%, 13.8 sec. duration) was determined by statistical
operations, after truncation of the power spectral density curve of expected
gusts across the 300 ft diameter rotor, for gusts below 30 seconds in
duration. This gust profile has a 1-C0S shape. A "toads gust" (Vw > 41%, 30
sec. duration) was also defined.




The baseline design objectives relating to wind gusts were:

1) Maintain drive train torque transients due to the design gust to less
than 5% above rated torque.

2) Maintain drive train torque transients due to the loads gust to be less
than 58% above rated torque.

4.2.1.3 Twice Per Revolution (2P) Alternating Torques

Wind shear and nacelle yaw angle with respect to the wind, contribute to drive
train .disturbance torques at 2P. Since both the above rated and below rated
algorithms will respond to this 2P disturbance and. actuator motion at

2P is undesirable another baseline .design goal was to minimize this motion.

4.2.2 Baseline Configuration N

_A preliminary design which supported the above objectives was defined and

analyzed. This design was then implemented with a microprocessor based onboard
system. The control system is illustrated by the Figure 4-1 block diagram. The
initial baseline control algorithms were characterized by the following:

1) Below rated operation had two pitch set points; 3 degrees and 5 degrees.
In addition, hub-rate error was fed back to increase system damping.

Note: The initial control system design utilized pitch set points of -1 degree
and +3 degrees without hub rate damping. The addition of hub rate
damping early in the field test program necessitated changing to the +3
and +5 degree set points.

2) Above rated operation utilized proportional plus integral control of power
output in addition to the hub rate error feedback.

3) There was no hysteresis included in the transition region (between below
and above rated operation).

4) A 2P notch filter was used in the control pitch command output.
4.2.3 Baseline Test Results

The baseline control system described above was in place in February 1981. During
March and April stable operation was observed. The winds during that time period
were relatively light and steady. When the above rated mode was reached, the power
quality was quite good ( +350 kW). Also, drive train torque transients were
acceptable. The design objectives, as out-tined ahove, seemed to have been met.
However, when operations resumed in the fall of 1981, much more turbulence in the
wind showed a stability problem at and above rated wind and the cyclic structural
Yoads were found to be considerably higher than the anticipated levels. These high
load levels have an adverse impact on system life and repair frequency.
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4.3 SYSTEM IMPROVEMENTS

Since February 1981, an ongoing analysis effort has been made to modify and
improve the baseline pitch contro) system design with the objective of
improving stability and reducing cyclic structural loads.

A plan was drafted to perform the analyses required to reach the above
objective. Three major analysis tasks were performed. First, the dynamic
simulation model of the MOD-2 was improved in order to increase the validity of
predictions. Second, modifications of the pitch control algorithm designed to
increase stability were evaluated with the improved simulation. And. third,
various notch filter designs were evaluated in an attempt to reduce cyclic
structural loads.

4.3.1 Dynamic Model Improvements

The dynamic control system analysis of the MOD-2 is performed with. .a non-linear
model written.in the EASY5 simulation language. A block diagram of this
simulation model is shown in Figure 4-2, and its features are summarized ir

Figure 4-3. During the control improvements study, the following enhancements
were made to this model.

1) A mode! of the two dominant flexible modes of the tower/rotor structure
was incorporated. In this model, bending moments are calculated which can
be directly related to the moments measured in the field.

2} Digitized, real wind time history data were incorporated as the forcing
function.

3} The capability to calculate power spectral densities of simulated loads
was added.

4.3.2 Stability Modifications

Two modifications to the pitch control algorithm, designed to increase
stability, were tested in the simulation; hysteresis was added at the control
mode transition and the control gains were optimized. These modifications
proved very promising and were later tested in the field and incorporated.

4.3.3 Notch Filter Design

Since most of the cyclic structural loads occurred at two distinct frequencies
(the tower natural frequency - .36 Hz, and the rotor natura} frequency - L1 hz)
it was decided to investigate the use of notch filters in order to reduce any
coupiing between the structure and control system at these frequencies. Many
notch filters were investigated with the simulation. Of these, only a few
were actually tested in the field.
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NONLINEARSERVO MODEL
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STATISTICAL LOADS AMALYSIS
STAB.LITY ANALYSIS
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Figure 4-3. Simulation Capability

Table 4-1. Control Systemn improvements

Feb ‘81 June thru
Bastline. Dec ‘81 Jan '82 Feb ‘82 April ‘82 Juiy ‘82
Configuration 2P Netch —9db Tower | Control loop | —23bd Tower | ~15db Blade | —23 db Tower
fiiver notch filver cain changss notch filter notch filser noteh filee,
hystaresis . _| revieed gaine revised geins,
added- 5° below rated
plsch schedule,
Q9 pisch fimit
Stability Limited Marginat Improved) improved improved Stable
stability nmw stabifity stability
e e S| o
t n n{ r
‘
Povirer quality 2350 kW 2750 kW 2200 kW 1260 kW 1250 kW 2250 kW
Fowst cychic 100% 64 6% % 7% 27%
aor cyclic 100% 100% 100% 0% [ Newbhl [ q00m
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4.3.4 Analysis Results

Table 4-1 summarizes the performance predictions made with the simulation as
the pitch system configuration evolved from February 196! to July 1982. As
shown, the analysis indicated that each design change improved.the MOD-2
performance. The July 1982_configuration is currently in use.

4.4 FINAL SYSTEM DESCRIPTION -

The control system was operating satisfactorily in February and April 1982 and
meeting the three objectives established above in the rated. mode; namely,
increased stability, good power quality, and. decreased cyclic structural. loads.
However, the above improvements were followed by an instability occurring at
the above/below rated transition region. This condition is aggravated by the
blade pitch being driven beyond the maximum C and causing negative damping
(oscillation, excitation) instead of damping.’ To minimize this condition, a
pitch command 1imit of 0° and a 5° below rated nominal pitch setting has been
implemented as an interim measure. Limited operatfon at this time in both
above and below rated modes has not observed a stability problem. The pitch
control algorithms currently in use are shown in Figure 4«5,

An effort is underway to achieve more below rated power by operating closer to

the maximum Cy pelow rated, delete the mode change steps and maintain stability
margins. Inigia1 tests results of the improved algorithm show a significant
improvement. This effort is scheduled for completion at the end of October.
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Figure 44, Pitch Control Algorithm
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5.0 INITIAL OPERATION

This section discusses the performance of the MOD-2 WTS during 1ts {nitial
operating period, Information presented on system performance and loads is
based on data gathered from January 1981 through mid May 1982. Availability

and maintenance experience data covers the period January 1981 through early
June 1982,

5.1  AERODYNAMIC _PERFORMANCE
6.1.1—Power Yariation with Wind Speed

The power variation with wind speed for the three MOD-2 units at Goldendale, is
shown in Figures 5-1 through 5-3. lhe first and second figures refer to units
#3 and #2, respectively. The third figure is for unit #l. In all three figures,
the power was measured at the generator output terminals and the wind_speed was
measured at the 195 ft. level of the BPA meterological tower.

The data shown in the first two figures were generated by computer analysis .of
data recorded on magnetic tape at the site. Each data point represents an
average value for a ten minute interval. The time intervals were identified by
searching the real time brush recorder charts from the site. For operation
below rated power, the pitch angle throughout the entire time interval was
either +3 or +5 degrees. To minimize data scatter, intervals were selected
where the wind was reasonably smooth. The total variation in power during any
time interval was usually less than 500 kWH. The time scale for these power
variations was several minutes. Almost all of the below rated power data points
occurred during the night hours. For operations at rated power, the only
criterion used to identify time intervals was that the entire interval be rated
power operation. After the time intervals were identified, the wind speed and
generator power channels were digitized at a sampling rate of 10 per second.
Average values were then computed.

The data shown in Figure 5-3 were obtained by manually averaging brush
recorder traces over time intervals of several minutes., The time intervals
were selected so that power and wind speed signals were relatively smooth.

The data shown in the three figures correlate quite well with the predictions
from the GEM computer program used for performance predictions. In addition,
there do not appear to be any significant differences between the power output
measurement for the three units at Goldendale.

5.1.2 Drive Train Losses

The drive train losses for the MOD-2 wind turbine were measured by comparing
the mechanical power transmitted through the quill shaft with the electrical
power delivered at the generator terminals. The results are presented in
Figure 5-4. Data points are presented for units #2 and #3. The averaging
interval for these data points was one minute.
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In Figure 6-4, the data points are compared to a vendor loss curve. The loss
curve was derived by combining losses measured by the respective vendors of
the gearbox and generator. Unity power factor was assumed for the generator
losses.

Inspection of Figure 5-4 shows that the drive train losses measured at
Goldendale are optimistic relative to the vendor data, especially at the
higher power levels. The data also indicate that the unit #3 drive train is
more efficient that the unit #2 drive train. The difference between the drive
train losses for units #2 and #3 is larger than expected. Most of this
discrepancy is attributed to the inability to obtain an accurate calibration
for the quill shaft torque measuring channel.

5.1.3 Startup Time

The impact of wind speed on the time required to accelerate the rotor from.
zero rpm to synchronous speed was measured at Goldendale. The results are
shown in Figure 5-5 for units #2 and #3.

The data show_considerable scatter because of “the inability to accurately
measurs the average wind speed during the startup. Like the predictions shown,
the datz indicate that the start up time is inversely proportional to wind
spead. Most of the measured startup times are less than the predictions.
Approximately 5 minutes are required to startup in a 20 mph wind at hub
height.

5,2 STRUCTURAL ANALYSIS CORRELATION

A primary goal of the MOD-2 acceptance test program was to gather sufficient
data to demonstrate that the MOD-2 WTS is operating within design load
1imits. The purpose of this section is to correlate the Goldendale measured
loads with the MOD-2 structural design loads. The data/analysis correlation
focused on the critical structural subsystems including rotor blades, pitch
actuator, quiil shaft and tower. Measured teeter motions and drive %rain and
nacelle vibration environments were also correlated with MOD-2 design
criteria. Based on the measured loads data, a fatigue life assessment of the
MOD-2 WTS was performed for both the Goldendale and design Weibull distribu-
tion of winds.

5.2.1 Test Data Loads Analysis

The purpose of this section is to show the correlation of the MOD-2 design
loads with loads measured on the Goldendale MOD-2 units during the acceptance
test program. To facilitate this correlation, the operating loads data re-
corded on magnetic tape on site were digitized, processed, sorted into wind
speed bins and analyzed statistically. The wind speed measured at the 195 foot
level of the BPA met tower was used as the wind speed reference in a similar
manner to the performance correlation of Section 5.). Time histories of
?tartup and shutdown loads were also cross plotted for correlation with design
oads.
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Teeter motion data was analyzed statistically for both operating and
startup/shutdown conditions for correlation with design limits. The frequency
content of drive train and nacelle vibrations was measured and compared to
structural vibration criteria, vendor specifications and indusiry vibration
standards.

5.2.1.1 Rotor Loads
5.2.1.1.1 Flapwise Blade Loads

Flapwise blade bending moments were measured at Sta. 370 {r/R = 0.20) and

Sta. 1164 (r/R = 0.65% on both blades on each unit. Operating flapwise loads
were separated into mean and cyclic components and sorted into wind speed bins
over the operating envelope.

The measured mean flapwise moments at Sta. 370 are compared to design loads in
Figures 5-6 to 5-8. The design loads were based on the MOSTAB computer

program developed by NASA. The load predictions from the GEM program are
shown for reference. Both nprograms appear to provide a fair representation of
the loads profile actually measured. Above rated winds, the MOSTAB program
conservatively envelopes the data whereas the GEM program provides a better
description of blade unloading as the blade spills power. There is evidence of
some machine-to-machine-differences. Unit #3 does not appear to reach the load
levels reached by the other two units at the same wind speed. This difference,
which may be due to pitch tolerance buiidup in the as-built rotor, inaccurate
indication of collective pitch at the CRT, or channel calibration error, is
under investigation. Overall, the correlation of measured flapwise loads with
design loads is corsidered satisfactory.

The measured mean flapwise moments at Sta. 1164 are compared to loads
predictions in Figures 5-9 and 5-10 for units

43 and #2. A cursory review of unit

#1 data showed-a similar profile. Both the MOSTAB and GEM programs provide a
fair representation of measured data although MOSTAB appears to be slightly
less than measured values below rated winds. GEM appears to provide a better
representation overall.

The spanwise distribution of mean flapwise bending moment is shown in Figure
5-11. This is a cross plot of data points near rated wind {29-31 mph) for
which only the mean and standard deviations { t1d are indicated. Both MOSTAB
and GEM programs provide a good representation of measured data, with GEM
predictions being somewhat conservative.

The measured cyclic flapwise moments for units #3 and #2 are shown in Figures
.12 to 5-15. Processed data for unit 2 was sparse but appears to exhibit

the same trends as unit 3. Data points for both the 50 percentile and 99.9
percentile levels are shown. Nonlinear least-squares error curve fits to the
cyclic loads data were developed to facilitate fatigue 1ife calculations.
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Cyclic loads predictions in the form of the wind bins plots shown in Figures
B-12 to 5-15 were not available because of a different methodology used for
cyclic loads predictions. The correlation of cyclic loads predictions and
loads data, however, was possible on the total cumulative probability distri-
butions over the 30 year life of the machine. In order to transform the
cyclic loads data in wind bins form to a cumulative probability distribution,
one must consider the annual distribution of mean winds. In effect, the fre-
quency distribution of mean winds is used to weight the wind bins statistics
to arrive at a total cumulative probability distribution.

The design mean wind (Weibull) distribution is compared to the measured
Goldendale distribution in Figure 5-16. The latter was measured over
approximately an 18 month interval. It is obvious that the design (Weibull)
distribution is more severe in that more time is spent at the higher wind
speeds. Since the design cyclic loads were based on an assumed Weibull
distribution, this distribution was used for determining the cumulative
probability distribution.

The cumulative distribution of cyclic flapwise moments is compared to the

MOD-2 design loads distribution in Figures 5-17 and 5-18, At both blade
stations, the test data based on the Weibull distribution exceeds the MOD-2
design loads distribution. At Sta. 370 the measured cyclic load (0.999) is

53 percent greater than design; at Sta. 1164 the measured data exceeds design
by 125 percent. The cyclic loads .ethodology is believed to have underestimated
both the narrowband turbulent response of the blade flap mode and the control
system induced blade Toads. The effects on fatigue 1ife are discussed in
Section 5.,2.2.

5.2.1.1.2 Chordwise Blade Loads

Cyclic chordwise moments were measured at Sta. 100, 370, and 1164. The
correlation of measured cyclic chordwise bending moments with MOSTAB design
loads, corrected for as measured rotor weight, is shown in Figure 5-19, The
data is in good agreement with prediction. Data traces indicate that the cyclic
chordwise moments are primarily gravity induced (1P) with little evidence of
higher frequency content. The chordwise blade mode does not couple with other
structural modes.

5.2.1.1.3 Blade Startup/Shutdown Loads

Shutdown of the MOD-2 units is accomplished by feathering the blade tips at
prescribed rates. The emergency shutdown feather rate is highest at initiation
of shutdown and gradually decreases, averaging 5° per second; the normal
shutdown rate is 1° per second. Feathering causes reversal of the flapwise
bending, generally peaking when the blade pitch passes through 25° to 35°. The
upwind blade surface normally in tension during operation is subjected to a
compressive loading. The maximum shutdown loads occur during shutdown in near
rated winds. Emergency shutdown loads are somewhat more severe than normal
shutdown loads.
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Data from all three MOD-2 units exhibit similar shutdown loads. Peak shutdown
ioads from unit #3 are shown in Figure 5-20 compared to predictions used during
the design phase. The shutdown loads predictions are somewhat conservative, but
in good qualitative agreement with data. The corres-ponding shutdown time —
histories are shown in Figures 5-21 and 5-22,

Measured startup loads are small compared to shutdown loads and well within the
design loads limits.

5.2.1.2 360 Joint Redesign

The original design ot the 360 joint provided 1ips at the inner and outer
peripheries of the flanges to facilitate accurate shimming of the joint during
assembly. Distortion due to welding, and machining tolerance requirements
after welding would not support the use of an unshimmed Joint. Although the
1ips were originally planned for only the hub side.of the Joint, it was
necessary, in places, to build up 1ips on the mid section side of the joint
with weld metal in order to maintain. the  minimum flange thickness during the
machining operation. In addition, to facilitating assembly of the joints, the
1ips caused compression stresses in the fillet region of the joint when the
joint was. bolted. together, thereby improving the fatigue performance of the
critical region. However, the resulting springiness of the joint produced
unacceptable fatigue stresses in the bolts-resuiting in early fatigue
failures.

Two possible solutions to the problem were considered: 1) the use of larger
bolts to reduce fatigue stresses to acceptable levels: and 2) shimming the
center of the joint to eliminate the springiness. The first solution required
accurate bolt preloads if fatigue probiems in the fillet region were to be
avoided. The second solution requires accurate shinming if bolt and fillet

fatigue problems were to be avoided. The second solution was adopted to have
the greatest probability of success.

In order for the shimming solution to work, a very accurate means for measuring
the gap and locating the shims was required. The solution to both these
problems was to identify the shim location on the hub section with a "magic
marker" then join the hub and mid section with sufficient non shrinking plastic
gage material in the gap to fill the void in the area the shim would be
located. After curing, the sections were separated and the plastic gage (ATACS
5111) was removed. The magic marker lines were visible on the plastic gage,
thereby allowing accurate location of the shims. The plastic gage was cut in
shim size pieces so the required measure could be made. Analytically, a

shim .004 inch thicker than the gap provided acceptable fatigue stresses in
both the fillet region and the bolts. The allowable tolerance on thickness was
+.0025 and -.0010 inch, Since the initial installation was to use peel shims,
the additional compliance caused by the glue lines (between laminations) needed
to be determined. Tests were conducted to determiine the required additional
thickness and a schedule of shim thickness versus gap measurements was
established {(this only applies to unit #1 only because #2 and #3 used solid
shims), Also, procedures were established by which the effect of taper in the
plastic gage could be accounted for in the manufacture of the shim.
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Because of the high degree of accuracy required in the shimming process, a
means by which the final Joint integrity could be established was needed. Two
different tests were conducted to determine the acceptability of the joints. -
The first test was a "blueing" test where blueing wus applied to the mid
section side of the joint.. The section was then jointed using the final
assembly procedures and then separated. The level of contact of the shims was
determined from the amount of blueing transferred. This test was conducted on
all three Goldendale units and verified the contact of the shims. Having
varified the proper manufacture and application of the shims, the remaining
question was whether the shims were functioning in service as predicted
analytically. To determine the actual operating stresses in the bolts, four
Instrumented bolts were installed in unit #1 at Goldendale to measure actual
belt operational stresses. Tests were conducted both to determine the bolt
stresses with and without an adjacent bolt missing. A summary of the test
results is presented in Figure 5.22A. The test results were in excellent
agreement with the amalysis and verified the absence of a fatigue problem even
if an adjacent bolt was missing or improperly installed. In addition to the
instrumented bolts, two fillet regions were also instrumented for this test
program. As with_ the bolts, the fillet stresses were in good agreement with
the analysis and verified the absence of a fatigue problem.

Ground-air-ground ™~ 5400 psi
Norma! operations.™ 2400 psxl

Ground-air-ground ~ 3000 psl
Normal cperations ~ 1800 psi

XA-1

Ground-air-ground ~ 3600 psi
Normal operations ~ 3000 psi

Ground-air-ground ~ 4200 psi
Ground-airground ~ 3000 psi Normial operations = 2100 psl
Noermal operations ~ 1800 psi
Adjacent bolt missing Ground-air-ground ~ 3000 psi
Ground-sir-ground ~ 4800 psi Normal operations =~ 2100 psi
Normal operetions ~ 3800 psi Adjscent bolt missing
Ground-sirground ~ 3800 psi
Normal operations ~ 3400 psi

Bolt cyclic stress

Bolt prejoad —— -_AMMVW\AMNW%WWWW@E

1800 p
L 3000 psi (Normial operating)
{Ground-sir-ground- stertup snd shutdown)

Figure 5-22A. Instrumented Bolt Test Resuits
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5.2.1.3  Pitch Actuator Loads

Proper operation of the pitch actuators is essential to startup, operation and
shutdown of the MOD-2 machines. The pitch actuator must have both the required
stroke and force capaciity over all ranges of operation, Tne pitch actuator is
essentially a linear element which reacts axial loads only. Because of
difficulties in instrumenting the actuator rod directly, the head and rod end
hydraulic pressures were measured. The actuator. forces were calculated from
the pressure measurements using the respective head and rod end areas. The
relationship between lever arm and collective pitch position was known so that
tross plots of pitch actuator moment and collective pitch could be developed
from the data.

Figure 5-23 shows the pitch actuator moment during emergency shutdown from an
operating condition. This cross plot represents approximately 5 minutes of real .
time. A positive moment denotes that aerodynamic moments are acting to drive

the blade tip toward feather. The scatter of points denoted "operating"

represent the normal variation of pitch actuator loads when the rotor is
producing power under active pitch control. The mean pitch actuator load is
compressive. During shutdown aerodynamic moments are developed which tend to
drive. the blade tips toward feather causing a tensile load in the actuator. As
the blade tips continue to feather and the rotor speed decreases, the primary
actuator loads are produced by 1P gravity loading of the blade tips.

The shutdown actuator loads are in good agreement with design loads predictions
and within the pitch actuator capability, represented by normal (2,000 psi) and
minimum (1500 psi) stall iimits. The normal limit represents a z2ero flow
condition. The minimum Yimit corresponds to a situation in which the hydraulic
pressure fluctuations would cause the system_pressure to drop sufficiently to
trigger a shutdown. Test data shows that the pitch actuator system has
sufficient capacity to shutdown the MOD-2 WTS under al} normal and fault
shutdown conditions.

The pitch actuator moments developed during a startup are illustrated in Figure
5-24. The rotor, starting from a breakaway pitch angle, gradually increases
speed. The primary pitch actuator loading is gravity (1P}. At a collective
pitch of approximately 20° the rotor is under speed control and remains there
until synchronization at which point the blade tips drive to the operational
pitch schedule. The pitch actuator loads during startup are not critical and
well within the pitch actuator design limits.

5.2.1.4 Drive Train Loads

Loads nwasured on the quill shaft provided a good measure of the drive train
loads. The torque and bending moment in two planes were measured. Test data
revealed that the quill shaft bending loads were very small (<2 percent of
rated torque). The relative flexibility of the quill shaft in relation to the
low speed shaft proved very effective in minimizing bending of the quill shaft.
Conscquently, this section is limited to a discussion of measured quill shaft
torques.
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Wind bins analyses were performed on measured quill shaft torques. These data

were in good agreement with mean torque design values and the performance data
presented in Section 6.1,

Quill shaft cyclic torque 1s anothar measure of power quality to which it is
directly related. Figure 5-25 shows representative power quality data in the
below and above rated modes of operation, Although there were no specific power
quality requirements for MOD-2, test data reveal peak cyclic values on the

order of 18 percent of rated as shown in Figure 5-25,

Statistical analysis was performed on the cyclic quill shaft torque and
presented in the form of a wind bins plot in Figure 5-26. A very conserva-
tive estimation of the .999 probability was used in conjunction with the
Weibull wind distribution shown in.Figure 5-16 to develop the cumulative
cyclic torque curve shown in Figure 5-27. The MOD-2 {0.999) design loads
exceed measured data whereas the (.50) -design loads are unconservative. This
difference in the load spectrum does not affect the 30 year fatigue life
estimate for the quill shaft as demonstrated in Section b.2.2.

5.2.1.5 Tower Loads

Tower loads were measured at Sta. 600 above the transition section. Tower
torque and bending in two orthogonal directions were monitored. Statistical

analysis was performed on tower cyclic loads in a manner similar to other loads
channels.

A wind bins plot of cyclic tower torque is shown in Figure 5-28. Tower torque is
insignificant to tower design compared to bending loads but relevant to the
design of the yaw drive system. During yawing the parking brakes are relaxed and
all yaw torque is reacted through the yaw drive system. The measured cyclic yaw
moments, inferred from the tower torque data, exceed MOD-2 yaw drive cyclic
Toads. A yaw motor case failure has recently occurred on Unit #5 (Solano).
Although the case has been shown to be understrength, it is unclear to what
extent higher than predicted loads contributed to the failure. A yaw loads test
program is in progress at Goldendale to assess the problem.

Statistical analyses were performed on the cyclic tower moments as shown “n
Figure 5-29. Statistical analyses were done separately on each bending moment
channel and statistics combined vectorally for each wind bin. This fis equiva-
lent to assuming bending loads from the two channels are always in phase. Test
data time history reveal that this is not strictly correct and results in a
somewhat conservative estimate of the total cyclic moment. A conservative (0.999)
cyclic loads estimate was combined with the design Weibull distribution of mean
winds to develop the cumulative loads plot shown in Figure 5-30. The test

data exceeds the MOD-2 design loads, the implications of which are discussed

in the tower fatigue life analysis of Section 5.2.2.
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5.2.1.6 Teeter Motion

Unsteady wind conditions including variable wind gradients and wind direction
result in a 1 per rev cyclic teeter response. The response amplitudes increase
with wind speed and yaw heading error. Figure 5-31 shows the measured peak
cyclic teeter response compared to the MOD-2 design envelope. The data includes
only teeter response measured while operating. Teeter response of all Goldendale
MOD-2 units was similar. Except at low winds, the teeter response falls within
the design envelope. The cumulative probability distribution of cyclic teeter
motion based on the design Weibull distribution of mean winds is well within the
design spectrum. Measured peak cyclic teeter motions do not exceed 5°. There
has been no evidence of impacting the teeter stops at 6.5° while operating.

During startup and shutdown, transient cyclic teeter motions were measured.
Under these conditions the teeter brake is applied below 8 rpm. Figure 5-32
shows the maximum cyclic teeter angles observed for a number of startups and
shutdowns under a variety of wind conditions. The average (50 percent) maximum
teeter response was 3.1° during startup and 2.3° during shutdown. Impacting of
stops during these transient conditions was not observed. The cumu-lative
probability distribution shown in Figure 5-32 also suggests that the probability
of impacting the stops is remote.

Near the end of the acceptance test program, the teeter brakes were deactivated
so that the requirements for the brakes could be assessed. The teeter stop
stress gage instrumentation was load-calibrated and about five hours of parked
rotor teeter motion and impact load data were acquired. Wind speeds varied from
37 mph up to 52 mph, with teeter velocities at the instant of stop contact
varying from about .7° per second to 1.8° per second. Analysis of this data
indicated that excessive loads may be encountered. Because of these
indications, data to be acquired throughout the rest of the planned test program
must be reviewed before a final recommendation can be made. In the interim, the
brakes are disabled because their current capacity dces not eliminate the
critical load condition, and disabling the brake does not present a significant
risk to the machine.

5.2.1.7 Nacelle Vibration

The vibration environment in the nacelle was measured to assess whether drive
train, gearbox, generator and control system environments were within design

1imits. Accelerometers were mounted on the low speed shaft bearing supports,

gearbox and generator.

The acceleration spectra measured at various locatfons in the nacelle during
above rated operation are shown in Figure 5-33. The measured vibration
environments are low compared to the MOD-2 nacelle vibration design envelope.
The primary excitation is harmonic motion at 1P, 2P and 4P and at the generator
frequency. There was no evidence that any drive train excitation frequencies
were coupling with mount or nacelle structural modes. The measured gearbox and
generator vibrations are within the Stal-Laval gearbox vibration criteria and
NEMA standards respectively.
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Figure 5-32, Cumulative Probability of Cyclic Teetér Angle During Startup and Shutdown
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6.2,2 Fatigue Life Assessment

The purpose of this section s to present an assessment of the fatigue 1ife

based on the measured loads at Goldendale. The basic procedure used to calculate
fatigue 1ife 1s presented in the MOD-2 Wind Turbine System Concept and
Preliminary Design Report (Reference 1}. Both the design criterfa Weibull wind
speed distribution and the as-measured Goldendale wind speed distribution were
considered in the determination of fatigue life. The anticipated fatigue

11fe of the major components is discussed separately in the following

sections. The term fatigue 1ife when applied to the rotor and tower structure is
actually the mean time between repairs. When a fatigue crack develops in either
of these structures, it can be repaired and the structure returned to service. .

5.2.2.1 Rotor Fatigue Assessment

For the original design, the fatigue load spectrum was derived from the MOSTAB
Toad calculations. Since the measured fatigue cyclic flapwise loads were higher
than design values, it was necessary to derive a new load spectrum. Figure

5-34 outlines the procedure by which the fatigue- spectrum was derived,

The procedure was to: -

1) Divide the wind speed distribution into wind bins;

2) Determine the total cycles in each wind bin by assuming 17.5 cycles/minute
(1 cycle per revolution):

3) From the plot of wind speed versus flap moment, determine the
average mean and average 99.9% cyclic wmoment for each wind bin;

4) Assuming (as indicated by the test data) the 50 percent cumulative
probability alternating flap moment to be 1/3 of the 99.9 percent
cumulative probability alternating flap moment, determine the distribution
of alternating flap. moment for each wind bin.

5) Add for each wind bin, the centrifugal load and the mean flap load, and
superimpose the alternating chord and flap loads assuming they are in.
phase.

The above load spectrum was then used to calculate a stress spectrum at various
points at each chordwise weld station. The stress spectra were then used in the
assessment of the fatigue 1ife capability (time between repairs).

Fatigue life as presented in Figures 5-35 thru 5-42 and Table 5-1 is for the
Weibull wind speed distribution. The calculations are based on 1) nominal gage
thickness, 2) no allowances for secondary "out of contour” stresses, 3) design
MOSTAB mean loads, and 4) average measured cyclic loads. Whereas the nominal gage
thickness assumption is counservative, ignoring secondary out-of-contour stresses
is unconservative. The fatigue life for the rotor welds is initially presented
based on the design criteria flaw size (.050 inch deep by .250 inch long) and
then the flaw size consistent with a 30 year life is presented. The design
criteria flaw size was selected as a conservative estimate of the worse size that
should ever escape detection. Per the inspection/acceptance criteria, all cracks
{regardless of size) and all other defects 0.125 inch or longer are rejectable.
The rationale for using 0.250 inch as a design value was to provide a degree of
conservatism between the design and inspection flaw size because no other fyactors
were bring appiied to the fatigue allowables. Figure 5-43 and Table 5-2 present
the anticipated fatigue life for the Goldendale wind speed distribution. The
Goldendale wind speed distribution is significantly less severe than the Weibul}
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Figure 534, Fatigue Spectrum Derivation
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Figure 5.35 Weld Aress of Concern - Weibull Wind Speed
Distribution
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Figure 542. Rotor Fatigue Status - Spindle
Table 5-1.. Summary Rotor Fatigue Status — Weibull Wind Speed
ESTIMATED LIFE LENGTH OF FLAW SIZE FOR
ROTOR BASED ON ORIGINAL CHORDWISE WELD 30-YEAR LIFE
STATION CRITERIA WITH <30-YEAR LIFE | DEPTH X LENGTH COMMENTS
0 12,000 HRS. (1.7 YRS.) 20 IN. .039 X .195 IN. | FILLET WELDS AT AFT SPAR
< 30-YEAR LIFE {28,000 HRS)
91 18,800 HRS. (2.7 YRS.) 35 IN, .040 X 200 IN. | FILLET WELDS AT AFT AND FORWARD
SPAR < 30-YEAR LIFE {25,000 HRS)
224 23,500 HRS. (3.4 YRS.) 56 IN, .040 X .200 IN., | FILLET WELDS AT AFT AND FORWARD
SPAR_< 30-YEAR LIFE (120,000 HRS)
357 16,900 HRS. (2.5 YRS.) 42 N, .030 X 150 IN. | FILLET WELDS AT FORWARD SPAR
< 30-YEAR LIFE {75,000 HRS)
363 7,200 HRS. (1.0 YRS.) 121 IN, ,020 X .100 IN. | FILLET WELDS AT AFT AND FORWARD
SPAR < 30-YEAR LIFE {33,000 }RS) |
492 12,800 HRS. (1.9 YRS.) 72 1N, 023 X .116 IN. | FILLET WELDS AT AFT AND FORWARD
SPAR < 30-YEAR LIFE (70,000 HRS)
620 13,000 HRS, (1.9 YRS.) 9 1IN, 020 X .100 IN. | FILLET WELDS AT AFT AND FORWARD
~ ) SPAR < 30-YEAR LIFE (80,000 HRS)
750 21,400 HRS, (3.1 YRS.) 67 IN, (023 % .115 IN. | FILLET WELDS AT AFT AKD FORWARD
_ L SPAR < 30-YEAR LIFE {85,000 HRS) |
880 31,000 MRS, (4.5 YRS.) a4 1N, .025 % .125 IN. | FILLET WELDS AT FORWARD SPAR
. < 30-YEAR LIFE (85,000 HRS)
1012 51,800 HRS. (7.5 YRS.) 32 IN. .030 X .150 IN. | FILLET WELDS AT FORWARD SPAR
| s o 1. < 30-YEAR LIFE {120,000 HRS}
1144 | 150,000 HRS. {21.8 YRS.) 19 IN. .045 X 225 IN. | FILLETS 0.K.
1360 90,000 HRS. (13.1 YRS.) 40 IN. .041 % 206 IN. } FILLET WELDS AT FORWARD AND M1DDLE
T o SPAR<30-YEARLTFE (100,000 HRS) }
| SPINDLE | 15,000 MRS, (2.2 YRS.) |=20% OF CIRCUMFERENCE|.021 X .063 IN, |

[f== Life = Mean time between repairs
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Figure 5-43. Weld Areas of Concern - Goldendale Wind Speed Distribution

Table 5-2 Summary of Rotor Status—Goldendale Wind Distribution

LOCATION ESTIMATED FATIGUE LIFE[T—A COMMERTS

STATION 0 3.4 YRS (15,300 HRS) FILLET WELDS AT AFT SPAR < 30 YEAR
LIFE (56,000 HRS)

STATION 91 5.4 YRS {24,600 HRS) FILLET WELDS AT AFT SPAR < 30 YEAR
LIFE (56,000 HRS)

STATION 224 7.0 YRS (32,000 HRS) FILLET WELDS (K

STATION 357 4.7 YRS (21,400 HRS) FILLET WELDS AT FORWARD SPAR < 30 YEAR
LIFE (140,000 HRS)

STATION 363 1.8 YRS ({8,100 HRS) FILLET WELDS AT FORWARD AND AFT SPAR
< 30 YEAR LIFE (60,000 HRS)

STATION 492 3.5 YRS (15,800 HRS) FILLET WELDS AT FORWARD AND AFT SPAR
¢ 30 YEAR LIFC (130,000 HRS)

STATION 620 3.5 YRS (15,800 HRS) FILLLT WELDS AT FORWARD SPAR
< 30 YEAR LIFE (145,000 HRS)

STATION 750 6.4 YRS (29,000 HRS) FILLET WELDS OK

STATION 880 9.6 YRS (44,000 HRS) FILLET WLLDS 0K

STATION 1012 20.0 YRS (90,000 iIRS) FILLET WELDS K

== Life « Mean time between repsirs
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distribution. Because of the less severe environment at Goldendale, the extent of
the areas with negative margins is dramatically reduced. For the worst area
(Station 363), the 30 year Flaw size is 0.030 inch deep by 0.150 inch long.

Additionally the spindle region has 30 year life based on the original criteria
with the Goldendale distribution,

Because of the crack detection system, the rotor is a failsafe structure. Fatigue
life therefore is actually the time between anticipated. repairs. For

Goldendale, if the inspection/acceptance criteria was successful in detecting

and repairing defects greater than 0.125 inch, the rotor should have a 30 year
life if the out-of-contour stresses are low. If the out-of-contour stresses are
high and defects are present in the high stress area or if defects greater than
0.125 were missed, there will be a need for inservice repairs. The spindle

is not faiisafe because the crack detection system does not protect it.

However, it has a 30 year 1ife for the Goldendi'e loads.

5.2.2.2 Pitch Actuator Fatigue Assessment

The measured fatigue loads are within the design limits, therefore the antici-
pated fatigue life for the pitch actuator is 30 years,

5.2,2.3 Drive Train Fatigue Assessment

The only component in the drive train for which the measured loads were
different than the design loads was the quill shaft (Figure 5-27). The load
spectrum for the quill shaft ucilized the MOSTAB design mean load values and the
measured cyclic values. Figure 5-44 provides a comparison of the measured versus
design stresses for the quill shaft. Since the quill shaft satisfied the 30 year
1ife requirement with the Weibull wind speed distribution, the Goldendale
distribution was not considered.

5.2.2.4 Tower Fatigue Assessment

The fatigue life assessment of the tower used the design mean loads and the
measured alternating loads. For the tower, the wind direction was assumed to be
constant. Based on the wind direction data from Goldendale, the assumption of a
constant wind direction is not excessively conservative, The design mean loads
in conjunction with the measured cyclic loads were used in construction of the
stress spectra. Nominal gage thicknesses with no allowance for secondary
out-of-contour stresses were used in the determination of the stress values.
Figure 5-45 presents the assessment of the tower fatigue life for both the
Weibull and Goldendale wind speed distribution. For the tower, the design flaw
size was taken to be 1.5 times the acceptable defect size. Since the acceptance
criteria for the tower was per the AWS requirements, the defect size of concern
varies with the wall thickness. The 1.5 factor was used rather than the 2
factor because the size flaws allowed by AWS are larje and the chance of missing
the defects is small. For the Goldendale wind distribution, there are only twe
weld seams with less than 30 years life. For these two, the minimum 1ife s 20
years. Periodic fnspection can be used on the tower to detect incipient crack
propagation and repair before failure.

5.2.2,5 Fatigue Assessment Summary

In summary, the differences between measured and design loads have caused several
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Figure 545, Tower Fatigue Status
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areas in both the rotor and tower to have less than 30 years life if the
original design criteria is applied. At Goldendale, the actua) environment is
not as severe as the design, therefore, the problem areas are significantly
reduced. The rotor has the minimum anticipated life, however, it is a failsafe
structure because of the crack detection system. The tower is not a failsafe
system, however a reasonable inspection criteria can be formulated to preclude a
catastrophic failure. Therefore, although some repair problems may occur,
periodic inspections on the tower and the crack detection system on the rotor
allow the machines at Goldendale to be operated without fear of a catastrophic
faiture.

5.3 Mechanical System Performance

5.3.1 Rotor Pitch Control Hydraulic System

The rotor pitch control hydraulic system is designed to control blade tip motion
during normal WTS operation, and rotate blade tips to the feather position for
system shutdown. Testing has shown that the system is capable of meeting the
maximum required blade pitch rate of 1.0° per second sustained motion and 4.0°
per second for at least six seconds, with emergency shutdown response of between
4.0° and 8.0° per second. The pitch hydraulic system consists of standard, off
the shelf, hydraulic components, with the exception of a special hydraulic
reservoir., This reservoir is unique in that it contains trunion bearings, seals
and slip rings which allow the reservoir orfentation to remain constant even
though it is mounted to a rotating shaft. Use of these components on a hydraulic
reservoir was proven by test, and subsequent operating experience has proven
this design fully satisfactory. Rotor tip actuators have experienced probiems
with leaking rod seals. New seals, of improved design and material, have
alleviated this problem, and the actuators have subsequently demonstrated a hiygh
degree of reliability.

In June 1981 an incident occurred in which the blade tips failed to feather,
resulting in an overspeed condition which damaged the generator and quill
shaft. Investigation revealed that this was caused by contaminated hydraulic
fluid, which caused the start-stop valves to silt up and stick open. As a
result, these spool type valves were replaced with poppet type, which are more
resistant to silting. Also, position monitors are now being used to warn of
any problem wiih either valve prior to failure of both valves, as only failure
of both valves would result in failure of the normal (SSV operated) emergency
shutdown system. In addition, an independent emergency shutdown system was
added to provide a means of ensuring system shutdown, even in the event of
simultaneous start-stop valve failure.

The remainder of the hydraulic system was also re-examined to determine if
sufficient redundancy existed in the system to preclude failure. A return line
relief valve was identified which, if it stuck shut and elactric power was aiso0
Tost to a solenoid valve, system shutdown would be prevented. A burst disc was
added to provide an emergency flow path 1f the relief valve should stick.
However, pressure fluctuations in the hydraulic system would occasionally
damage burst discs, and therefore the burst disc was replaced by a relief
valve, which will require periodic maintenance testing to verify that neither
relief valve has become stuck shut. Also, improved procedures and facilities
for monitoring hydraulic oil quality were devised, to preciude component
failure as a result of contaminated hydraulic fluid.
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5.3.2 Yaw Control System

The yaw control system consists of a hydraulic powee unit, a hydraulic motor which
drives through a gearbox to turn the nacelle on its yaw bearing so that it faces
into the wind, and yaw parking brakes to hold the nacelle in position. These
parking brakes are designed tn hold the nacelle no yaw rotation occurs in 81 mph
winds. The yaw drive subsyst:m has shown itself capable of rotating the nacelle at
the required rate of 1/4° per second. The hydraulic power unit also controls
operation of the rotor _brake, which restrains rotation of the rotor after
shutdown, -

Yaw control system problems have been confined to loosening of the yaw drive
gearbox fasteners and minor problems with yaw parking brake adjustment. The
gearbox fastener problems were solved by adding new fasteners which were
installed with an interference fit, and the parking brake adjustment problems
were solved by a revised adjustment procedure. It has also proven difficult to
control drive pinion .clearance as closely as originally desired, but operating
experience has shown that increased clearance has no detrimental effect.

A yaw drag brake was originally installed, which was designed to add damping to
assure smooth rotation of the yaw bearing. However, some nuisance problems were
experienced and operating experience indicated that the yaw bearing has
sufficient internal friction to make the additional friction damping of the drag
brake unnecessary. When testing confirmed that the drag brake could be removed
with no effect on system performance, the design was revised to eliminate this
brake functiv: from the wind turbine.

5.3.3 Low Speed Shaft Bearings

The low speed shaft bearings, which.support the low speed shaft and rotor, have
shown themselves capable of their task, although slight problems have been
experienced with the bearing lubrication system. Specific problems have been a
blocked lubrication passage, seal leaks, and bearing noise. Bearing noise has
occurred sporadically during wear in of the bearing, but has not been
accompanied by deterioration of bearing surfaces. The blocked lubrication
passage was solved by a design change, and .seal leakage problem heave been nearly
eliminated by_a revised seal installation and installation procedures.

5.3.4 Low_Speed Shaft Slip Ring. Bearing

The low speed shaft slip ring transfers electrical signals and power to the
rotating equipment on the low speed shaft and rotor blades.. A slip ring bearing
seizer on unit #1 resulted in the anti-rotation bracket and LSS wiring being torn
loose after less than 300 hours of total operation. The formed wire separator
used in the bearing was identified as the cause of the failure. A1l WTS units
subsequently have had the wire separator removed and replaced with a solid brass
separator of a circular pocket design. The brass separator has operated
satisfactorily on units #1, #2 and #3 for 1300 cumulative hours.
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5.3.5 Low Speed Shaft, Quill Shaft, and Coupling

The Tow speed shaft which supports the rotor and transmits power to the quill
shaft, and the quill shaft and coupling which transmit power to the gearbox,
have performed well with few problems having been experienced. The June 1981
overspeed incident on unit #1 exposed these components to high overloads, yet
the low speed shaft survived with only minor damage to fastener holes which
required reaming and oversized fasteners. While the quill shaft underwent
considerable yielding, it did not fracture. The quill shaft coupling, which
transmits power from the quill shaft via a friction joint, has experienced one
incident of slipping. However, this was caused by a failure to clean the
coupling friction surface prior to installation, and not by a design
deficiency.

5.3.6 Gearbox

The gearbox, which steps up the 17.5 rpm quill shaft speed to 1800 rpm to drive
the generator, has proven very trouble free, and capable of high overloads
without failure. The overspeed incident which occurred on unit #1 exposed the
gearbox to extreme overloads, yet damage to the gearbox was virtually
nonexistant. The gearbox has experienced several incidences of oil leakage.
Only one of these created any problem, when a defective seal ring hung up and
caused a substantial oil leak. A1l other leaks have been minor nuisance leaks
from joints in the gearbox casing, and have been stopped by tightening bolts or
application of sealant.

5.3.7 Gearbox Lube System

The gearbox lube system, which is designed to control the temperature of the
gearbox lubricant and supply it under pressure to the gearbox, has experienced
several probiems, including contamination of the lubricating oil with water,
and oil pressure fluctuations. The contamination was due to a lack of sealing
the oil reservoir and inadequate draining of the nacelle. Addition of drain
holes to divert water away from the reservoir has solved this problem. The oil
pressure fluctuations, which occur momentarily when the ¢il cooling radiator
control valve cycles, were creating unnecessary system shutdowns. To prevent
these shutdowns, as the gearbox is capable of operating with much lower
pressures “or a short period of time, the lube system pressure switches were
readjusted and the delay time altered to decrease the pressure levels which
will initiate shutdowns and to increase the time which the system can operate
prior to shutdown with only slightly low pressure. Also, the lube system
plumbing and control was modified to increase flow and eliminate switch over to
the redundant pump during momentary pressure fluctuations. The redundant pump
now has become a "ready-spare" by manual switchover.

5.3.8 Generator Bearings

The generator bearings, which are journal type bearings, have had three
failures on one of the turbines due to inadequate lubrication. The first
fatlure, caused by a malfunction of the oil heaters which burned the lubricant,
was solved by using a different type of generator lubricant and deleting the
lubricant heaters. The original lube system design was a passive scoop system
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delivering oi1 from the bearing sump. This passive system was found to be
inadequate to assure lubrication for the operation at low rpm when the wind
turbine was in startup or shutdown or during very slow rotation when
positioning the rotor for maintenance.

The subsequent two failures were caused by errors in adjustment of this passive
lube feed system while the bearings were being replaced. Therefore, an
auxiliary oil feed system to assure oil supply during slow speed and startup
conditions has been added.. The passive system has been retained, and at high
rpm provides adequate lubrication—while the machine compietes shutdown in the
event of loss of the pump power.

5.3.9 Teeter Bearings

The teeter berings, which allow the rotor to tilt slightly to relieve uneven
wind loads, have performed within design expectations. No problems have been
experienced, and the elastomeric materials appear.to be holding up well. The
teeter bearing was also exposed to extreme overload conditions during the unit
#1 overspeed incident, and survived these overloads with no evidence of damage.
The teeter brakes, which were designed to restrain the rotor from teetering
when the rotor is rotating slowly, have not performed well. Higher than
anticipated 1oads, and deflections have caused repeated failure of teeter brake
mounting bolts. These deflections have also caused excessive wear of the teeter
brake slider, and teeter brake pad 1ife has also been shorter than anticipated.
Testing with. the teeter brakes disabled has shown that the teeter brakes are
not required when the rotor is turning, since the rotor has never come close to
impacting the teeter stops. Testing has also shown that when the rotor is
parked with the teeter brakes disabled, there is an increase in the amp1i tude
of teeter motion to the 6 1/2° travel limit, but no evidence of hard impacts on
the teeter bearing stops. This indicates that teeter brake problems have been
resolved by elimination of these brakes.

5.3.10 Crack Detection System

The crack detection system, as described in Section 2.2.2 has performed without
probiem. Its function is to detect a slight difference in air flow between the
two blades which would occur in the event of a fatigue crack. Its capability
nas been demonstrated when a small amount of sealant failed and allowed airflow
through a hydraulic line penetration at the spindle area rib at Station 1249

5.3.11 Manlift

The manlift, which is designed to transport maintenance personnel and equipment
up to the nacelle, has worked well and required only minor adjustments to
overload safety cutout systems. During the WTS assembly and checkout phase, the
manlift has seen more use than it will experience in several years of normal
maintenance.
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ECTRICAL POWER SYSTEM (EPS) PERFORMANCE
EPS Description
consists of the following major components:

Synchronous Generator - Wind driven (both starting and running) through
quill shaft and 17.5 rpm to 1800 rpm gearbox.

Generator Accessory Unit -Cabinet mounted generator circuit breaker
and protective relay equipment.

Yaw Slip Ring Assembly - Provides commutation for power and control
cabling between nacelle and cable trays along inner tower wall,

Bus Tie.Contactor Unit - Enclosed switchgear containing:

a. Circuit Breaker identical to the circuit breaker in the GAU.
b. Synchronizing relays
c. Metering

Generator Stepup Transformer -3125 KVA o0l air cooled 12.5 KY ﬁrounded
Y/4160 volt delta full winding transformer with 2 sets of 2 1/2% taps
and fused manual disconnect switch on high wvoltage winding, Both HV and
LV bushings are enclosed.

Synchronous Generator

Type - Foot mounted, brushless exciter, two disc fed oil lubricated
sleeve bearings.

Rating - 3125 KYA, 2500 kW, 1800 RPM, 3 phase, 60 Hertz, 2400/4160 volts,
752/434 amp, 0.8 B.F. at ambient temperatures to 50°C.

Performance - Conservative design of generator is such that machine is
capable of producing 3500 kW at unity power factor at a 40°C ambient at
altitudes to 3300 feet above sea level. Initial operating experience with
the generators has been favorable except for a minor bearing lubrication
probtem on one machine which was resolved by adjustment of oil scoops. As
a result of the investigation associated with the bearing oil problem,
it_was also determined that:

(1) 011 heaters are nut necessary 1if the proper lubricant is used.

{2) 011 temperature sensors used for the oil heaters were poorly
located - e.g., temperature was sensed in an o1l cavity which was
not directly heated.

{3} Slow roll conditions are present and must be considered when
designing the bearing lubrication system.
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The following design/procedural changes are being implemented to assure
continuing generator bearing lubrication.

(1) 011 heaters have been disconnected.
(2} Lubricant was changed to a flat viscosity lubricant.

(3) A pump 1ift system to flood bearings with oi1 during slow roll
conditions will be retrofitted on all machines.

§.4.3 WTS Power Protection System
5.4.3.1 Function-Description

The WTS Power Protection System contains two identical circuit breakers, one -
used as the Generator Circuit Breaker (GCB) is located along with protective
relaying in the Generator Accessory Unit {GAU). The second circuit breaker is
Tocated in the pad mounted. metal enclosed switchgear identified as the Bus Tie
Contactor Unit (BTCU). The BTCU also contains metering, synchronizing and
over/under frequency relays.

The WTS operating scheme is as follows: The GCB is manually closed and opened
by protective relays. The bus tie .contactor is closed by the Nacelle Control
System {NCU) working in conjunction with the synchronizing relays and opened by
the NCU working in conjunction with protective relaying.

5.4.3.1.1 Generator Circuit Breaker Operation

The GCB relay (52G) close coil is energized by the application of 48 VDC through
the series combination of the GCB close switch {located on GAU front panel) and
a normally closed part of GCB tripping relay (86G) contacts.

The GCB relay (52G) trip coil is energized by the application of 48 VDC through
a normally open set of GCB tripping relay (86G) contacts. The GCB tripping relay
(86G) 1s energized by any of the following (GAU Tocated) relays:

Reverse Power Relay (32)

Loss of Excitation Relay (40)

Overcurrent Relay with voltage restraint (50/51V
AC Time Overcurrent Relay (51)

Power Factor Relay (55)

Ground Fault Relay (64)

Differential Current Relay (878)

(Number in parenthesis are ANSI device designators}
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6,4,3.1.2 fus Tie Contactor Operation

The bus tie contactor {528T) closing coil 1s energized by the application of
48VDC through the series combination of normally open contacts of the following
{BTCU located) relays:

Phase Sequence Relay (47)
Synchronizing Relay (25)
Synchronizing Check Relay (25CK)

Synchronizing voltage from the generator requires field excitation which is
provided by energizing the field current relay (41) with the field enable signal
from the NCU through the series combination of a thermostat and a normally
closed set of contacts on the GCB tripping relay (86G).

The synchronizing relay (25) and synchronizing check relay (25CK) are enabled
when the sync enable relay (43S) is energized by a sync enable signal from the
NCU.

The bus tie contactor (52BT) trip coil is energized by the application of 48 VDC
through a pair of normally closed contacts.in the bus tie contactor tripping
relay (94BT) whenever the NCU energizes the 94 BT relay. The NCU will provide a
shutdown signal and energize the bus tie contactor tripping relay (94 BT) when
either the under frequency relay (81-1) or the over frequency relay (81-2) apply
48VDC to energize the auxiliary relay (94X) or any one of the three {one for
each phase) utility voltage present relays (36V) detect loss of utility voltage.
The NCU will also provide a shutdown signal and energize the bus tie contactor
tripping relay whenever the generator winding over temperature relay (49G), the
generator bearing over temperature relay (38H), the generator bearing under
temperature relay (38L) or the AC time overcurrent relay (51) detect
out-of-tolerance conditions.

5.4.3.2 Relay Set Points
Reverse Power Relay (32) GE type 12 ICW 51A13A

Tap: 44 watts secondary, 70 KW primary (CT ratio of 80, PT ratio of 20)
Time Dial: 10
Seal in Tap: 2.0 Amps

Loss of Excitation Relay (40) GE Type 12 CEH 51A4A
Seal In Tap: 2
Off-Set: 3 ohms

Restraint: 12%
Input: 99%

Generator Winding Overtemperature Relay (49G) GE Type 12 IRT 53C2A
Seal-In Tap: 0.2 Amps

Time Dial: 2
Temperature Dial: 132°C
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Overcurrent Relay with Voltage Constraints (50/51v)

seal-Iin Tap: 2.0 amps _

Time Dial: 5

Tap: 5 amps {200 primary)

Instantancous Trip: 6.16 +0.03 amp (493 amps primary)
Time Overcurrent relay (51) GE Type 121AC51A802A

Seal-In Tap: 0.2 amps

Time Dial; 1

Tap: 5 amps (400A primary)
Power Factor Retay (55) GE Type 1C3655A100A

Power Factor Dial: 0.7
Time Oelay: 1 sec.

Ground Fault Relay (64) GE Type 12IAV51D2A
Seal-In Tap: 2.0 amps
Time Dial: 1
Coil Tap: 10 volts
Differential Current Relay (87) GE Type 12CFD22A1A

Target: 1 amp
Min. Diff. Current: 0.2 amp

Voltage Present Relay (36V) GE Type 12 HMA 11B11
No set points
Phase Sequence relay (47) GE Type 12ICR51ALA
Time Dial: 2
Over/Under Frequency Relays (81-1, 81-2) GE Type 12 1JF 42A4A
Under Frequency: 59.50 to 59.55 Hz
Over Frequency: 60.45 to 60.50 Hz
Time to Close: 1.0 £0.1 sec.
Synchronizing Relay (25) Beckwith M-0193A
Upper Voltage Limit: 127.7 $0.4 VAC (4424V L-L or +6.2%)
Lower Voltage Limit: 114.5 £0.4 VAC (3966V L=L or -4.6%)
& Limit: 5.0 £0.5V AC (Multiplier = X])

£ Limit: 0.15 $0.02 Hz (dial set to 0,015, multiplier = 10)
Breaker Closing time: 120 Ms, Jumper between Terminal T8 #12 & 20
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synchronizer Check Relay {25 CK) Beckwith M-0188

Upper Voltage Limit: 127.7 10.4 VAC (4424 L-L or +6.2%)

Lower Voltage Limit: 114.5 0.4 VAC (3966V L-L or ~4,6%)

AV Limit: 4 10.3 Volt (dial set to 1, represents 140 volt L-L diff)
Phase Angle Limit: 7.5° +dial set to & miltiplier = x 1,5)

Time: Dial set CCW stop

5.4,3.3 WIS Power Protection System Performance

Experience to date with the WTS Power Protection System has demonstrated that the
system functions very well in detecting fault conditions and preventing damage to
electrical equipment. The system alsu functions well with varying wind conditions
and is able to handle power swings with no difficulty. Examination of the
protection system design after a year of operation indicates two areas where
redundancies exist, the power factor relay and the loss of excitation relay. The
1oss of excitation relay basically performs the same function; hence, the power
factor relay can be disconnected. The functions of the generator circuit breaker
and the bus tie contactor can be combined using only one circuit breaker. The
Togical improved design for future units would be to eliminate the GAU entirely by
moving the GAU relays to the BTCU and allowing the bus tie contactor circuit
breaker to assume all functions now performed by the generator circuit breaker.

5.4.3.4 Station Service Electrical Protection
The 4160V/460V station service transformer is protected by 40A fuses. Additional
station service protection is provided by circuit breakers in the 460V, 208Y and
120V panels.
5.4.4 Synchronization System
5.4.4.1 Synchronization System Components
The synchronization system includes the following:

Generator Shaft Speed Control

Synchronizing Relays

Bus Tie Contactor {ciruit breaker)
5.4.4.2 Functional Description
The gencrator shaft speed is controlled by the rotor pitch control system of the
NCU. A control loop compares pulses generated by the shaft encoder with a constant
representing the pulse count for synchronous speed (1800 rpm). The speed control

system is by design somewhat coarse, since it deals with transients in input
torque and the windup/unwind of the soft (quill) coupling shaft,
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The NCU rotor pitch contro) system varies the rovor pitch tu accelerate the rotor
to a speed of 17.5 rpm. When the rotor reaches 17.5 rpm, the pitch control system
varies the pitch to maintain a constant 17.5 rpm rotor sheed or a generator shaft
speed of 1800 rpm. The NCU {ssues a synchronizer command which latches a synch
enable relay (43S) which enables the synchronizer relay (22) snd the synchronizer
check relay (25CK}, The synchronizer relay (25) will close the bus tie contactor
1f the generator output terminal and .the utllity bus voltage and frequency diffep-
ences are within the set points; provided.the synchronizer check relay {25CK) has
been enabled. The synchronizer Check relay (25CK) looks at the difference between

for the time setpoint, the 25 cK relay will provide the contact closure to enahle
the synchronizer relay (25), The setpoints for the synchronizer relay {25) and the
synchronizer check relay (25CK) are tisted in Section 5.4,3.

5.4.4.3 Synchronization System Performance

occur. However, the existing system synchronizes satisfactorily with minimal
inrush current. The soft (quill) shaft coupling makes the system tolerant to
phase errors. Future improvements should include voltage feedback as a minimum and
speed feedback control if found desirable by performance analysis.

5.4.5 Slip Rings
5.4.5.1 Yaw Slip Rings
The WTS electrical power system contains a yaw slip ring assembly which contains:
6 High voltage rings - rated 5,000 VAC 650 amps
3 Low power rings - rated 600 VAC 200 amps
4  Low.power rings - rated 125 VDC 25 amps
11 Command and control rings - rated 600 VAC 5 amps
101  Signal rings - rated 300 VAC § amps

The yaw slip rings are solid 18 inch diameter rings which have functioned well
without incident,

5.4.5.2 Rotor S1ip Rings

The WTS electrical power system contains a rotor stip ring assembly which con-
tains:

5 Power rings - rated 600 VAC 25 amps
Power rings - rated 600 VAC 5 amps
16  Command and control rings - rated 600 VAC 5 amps
50 Signal rings - rated 300 VAC 5 amps
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The rvotor <Lip rings have o diamelor of approximately 36 inches, The existing
design has a sphil ving. Heve have been lwo problewes with he existing design. A
wWire bearing retainer Yailed and has hoen replaced with a punched brass ball
separator. Al units arc being vetrofitted wilh the new soparators, The second
rotor wlip ring poblem involves excessive biash wear which has been attributed to
the split ring design amd the brush wteriaol .,

Any future MOD-/ WIS will use one picce rotor slip rings with spares of the split
ring design to facilitate rveplavement in the field (f necessary.  The brush hlock
wear problem is being resolved hy replacing all existing (80w silver, 20% carbon)
brushes with new brushes made of 7%% silver, 20. carbon, and %% molybdenun
disulphide.

5.4.5 Utility Interface

The WTS electrical power system delivers 2.5 MW of three phase, 60 Hz 0.8 to 1.0
power factor, power at 12.5 KV to a utility interface point at fused disconnect
switches enclosed in the WIS 4160 volt delta/12.5 KV Y connected power output
transformer, Power is transmitted from the utility interface point via direct
buried 12.5 KV URD cable to the YPA substation for transformation to 69 XV and
wheeling over a 69 KV Klickitat County PUD transmission line to the northwest
power grid. The WIS electrical power system is designed and adjusted to operate at
unity power factor. It is also designed to operatc with low (109 wind turbine
generation) penetration. WTS units have operated with isolated loads with good
frequency control but could not support the VARS so shutdown occurred. The WTS
electrical power systom could be modified to enahle WTS to operate with isolated
loads. The harmoric content of power provided by WIS electrical power system is
typical for generating systems employing synchronous machines.

5.5 OFLRATIONS AHD MAIKTUNANCIE FXPERIENCEH

5.5.1 Opcrations

Unit #1 was first synchronized to the BPA power grid on December 22, 1980, Units 2
and 3 were synchronized on line April /7, 1981, and May 19, 1981 respectively,
Since Unit #1 was put into service, the three units have produced over 3,000
megawatt hours during approximately 2,200 hours of operation. The performance
sumnaries of the three units are shown in Table 5-3 and detailed since October
1981 in Tables 5%-4 through 5-6, Operating time history is shown in Figure 5-46.
Operating time records are shown in Figure 5-3A,

The accumulation of operating time on the machines has been hampered by equip-
ment failures and the need to make modifications and special tests due to the
developmental nature of the units. The primary causes of downtime and the
resulting changes to the system are discussed in the following sections.
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Table 6-3. Qperating Experience 1/1/83 — 10/3/82

WTS unit
No.1 No.2_ No.3 Cumulative
Hours of operation M7 1,089 1,288 3,094
Energy generated (kWh) 747,300 1,278,800 | 1,401,800 3,427,900
Adjusted availabitity on 0.79 0.83 0.78
Maximum operating winds (mph) 50 &0 50

Table 5-3A. Operating Records (1/1/81 — 10/3/82)

Longest Max operating | Clock time
continuous | time between batwaen
run . fauit shutdowns | fault shutdowns
By unit
Unit 1 32.3 hours 81.0 hours 289 hours
Unit 2 29.9 45.0 106
Unit 3 36.5 77.0 226
For two_units | 27.0 50.0 137
For three units | 13.0 25.0 47

The primary cause of _downtime was the overspeed incident which occurred June 8,
1982 on Unit 1. This incident destroyed the generator and quill shaft on unit #1.
Units #2 and #3 were shut down until the cause of the probiem was found and
corrected. As a result, there was no machine operation from June 8, 1981 to
October 20, 1981 when unit #3 was brought back on line. Units #2 and #1 were
returned to service November 11, 1981 and April 17, 1982, respectively. To
minimize the potential for another overspeed incident, operations of units #2 and
#3 were initially restricted.-to require an operator in the base of the tower
whenevér the units were operating. This significantly reduced operating time until
three shift coverage was provided at the site. In addition, system checks were
required at the start of each day which further reduced operating time. The
overspeed incident recovery plan calls for the turbines to be phased into
completely unattended operation as confidence is gained in the protection systems.
As part of this process, the requirement for an operator in each tower has been
replaced with a requirement for a person at the site to monftor the data as the
machines run, and the frequency of safety system checks has been reduced.
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Table 5-4, Performance Surmmary WTS Number 1

PLANT | WTS AYALL. ADJUSTED WTS Ir
SYNC HRS MY HRS AVG Mu [ FACTOR == = AAIL,
YEAR TEAR TEAR YEAR- YEAR YEAR
PERIOO PERIQD| TO PERIOD| TO PERICO| TO PERIOD| YO | PER[OD| TO | PERIOD] TO REMARKS
DATE DATE DATE DATE DATE DATE
04717782 - 04723/82| 13.4 | 134 | 16.4 | 16.4 | 1.19- |1.19 | .071 .07 .38 .38 .52 .57
05703/82 - 05709782 22.3 ) 35.7 | 21.9 | 38.3 .98 J1.07 |.209 095 | .38 |.@ .81 .65 "
05/10/82 - 05/16/82| 48.3 | 87.2 | 47.4 | 84.6 .88 j1.02 1.192  [.132 | .85 {.54 .94 .18 'R-
05/17/82 - 05/23/82| 60,6 |147.8 | 76.8 [161.4 | 1.27 j1.09 |.210 159 B4 |.65 .97 .86
05/24/82 - 05/30-82] 0 |147.8 0 {161.4 ] 109 | 0 149 .29 .83 | 100 .87
05/31/82 - 06/06/82( 8.8 |156.6 | 12.3 [.73.7 | 1.4 |l.51 | .27 186 | .16 Nt 93 .82
06/07/82 - 06/13/82| 24.7 | 181 24.5 (198 1.0 1.1 1 .15 .86 |.51 .85 .87
06/14/82 - 06/20/82( 0 |181 0 |iss 0 1.1 0 13 ] 46 ] 4
06/21/82 - 06727782 0 |[181 0 |9e 0 1.1 0 A1 0 A2 0 .65
06/28/82 - 07/04/82| 0 [181 o |98 0 1.1 0 A0 0 A0 0 .60
07/05/82 - 07/11/82| 8.1 |18% 10.0 |208 12 |1 .08 .10 47 A .65 61
07712782 - O7/18/82| 53.8 | 243 n.3 |ars 1.3 (1.1 .23 A2 83 45 .88 .65
v 07/19/82 - 0}/25/82) 19.5 (283 50.3 |33 1.3 1.2 .23 .13 27 A8 .96 .68
| 07/26/82 - 0B/OL/B2| 61.2 [ 344 10 400 1.1 1.2 .20 .18 .89 .51 .89 .70
08/02/82 - 08/08/82| 26.6 |310 17.2 {4a17 60 |1 07 3 .78 |.53 .82 N
K 08709782 - 08/15/82| 77.0 |a47 83.5 (500 1.1 1.1 .26 14 8% |.56 99 74
= 08/16/82 - 08722/82| 13.1 | 461 11.8 [512 9 .04 14 50 |.56 97 15
- 08/23/82 - 08/29/82| O |46k 0 |s12 0 1.1 0 123 0 .52 0 73
* 08/30/82 - 00/05/82] 1.9 |469 8.4 |521 1.1 11 .04 .12 .33 W51 34 it
08706/82 - 09712/82] 11.2 | 480 10.5 |532 .9 1.1 .03 W11 .20 49 .28 68
09/13/82 - 09/19/82] O 430 0 532 0 1.1 Q A1 ] 48 0 .68
- 09/20/82 - 09/26/82( 4.2 1485 5.0 |537 1.2 11 g1 .1 A7 47 Ja .68
09/27/82 - 10/03/82( 84.1 | 569 111.3 les8 1.3 1.1 38 43 .93 .50 .99 .10
Total since 651 FLYS 1.1 .11 W5l it
v campletion
~ Mo /PERE 0D
" P = PERIOD TIME [E=» PLANT FACTOR = 2.5 x [P-NOD) > P - D - T
MNT = MA[NTENANCE TIME
* MD « MODIFICATION AND PREPARATION o= P - MID - MNT
‘. FOR SPECIAL TEST TIME -y
.
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Table 5-5, Performance.Summary WTS Number 2
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PLANT  |WT5 AVAIL. |ADJUSTED WY$
SYNC HRS M MRS AVG M FACTOR [~ = A\'AIL.[B>
PERICD per1on | 1o | peRton ) PERIOD] 50 penton| fo. PERIODl " PERIOD] T, REMARKS
DATE DATE DATE DATE DATE DATE
11/04/81 - 11/08/81| ¢ 122 0 138 0 [r.13t 0 (a5 157 |60 1.00 [ .73 {Mo wind this pericd
11708/81 - 11714781 9.75 [131.25) 10.9 [148.9 t.12 |1.13] .02 J L ez 83l L
N/16/81 - 72081 6.5 [138.28) 7.6 [1ss.s] 107 [1.3 06 113 ) 80 [.&1| s8] .2
nways - nms| s [ees| .z [1ss.7] a0 [1.03 002 |12 1 .16 (.58 | .17 | .69 |3 Day Period Due to
Thanksgiving Bresk.
11730781 ~ 12704781 | 10 V835 1.1 167.8) 1.0 1103 097 |02 | a7 |57 .62 | g8
12/05/81 - 12111781 | 37.75 [ 187.50| 37.2 |z05.0] .39 |1.00] .108 A3 (.95 |6V ]| 99| .72
12714/81 - 12/18/8Y( 7.0 [194.5 ) 10.9 [215.9] 1.56 |1.11] .o86 [.125 89 (.83 g9 | .7
12728 - 2re58 | 12,0 [206.5 | 15.2 |23z 1,35 1.12] L2e 2131 .85 |64 | .96 | .74 |3 Day Perfod Oue to
Christmas Break.
12/26/8Y - 01701782 NG ACTIVITY DUE TO CHRISTMAS BREAK
01/04/82 - 01,08/82| 4.0 40| 4.0 4.011.0 N.0 | 076 [.076] .24 .24 | 48| .48
0/11/82 - 01/18/82| 32,75 | 36.75} 66.6 | 70.6) 2.02 |1.92) .658 A590 .79 |53 e0 .76
M/6782 - o1/22/82| o 36,75 0 706 0 92| 0o |.4n)] .08 [.38]| .64 .75
01/23/82 - 01729/82| 0 36.75| 0 0.6l 0 [1.92( 0o |.421] o |.28 9 .
01730782 - 02/05/82] © 6.75 0 7060 0 .92 o J.408| 0 [.z2 0| .7
02/06782 - o22s82| o 6.75) 0 06| ¢ (v.e2] o .32 o |.17 0 | .64
02/13/82 ~ 02/19/82| 0 36.7% o .61 0 [1.92] o [.362] 0 |.19 0 | .64
02/20/82 - 02726/82| .7 | 237.88| o 0.6 0 Ji.es] o |[.330] .11 (.04 100 ] .57
02/21/82 - 03/05/82| © 3745 o 0.6/ o l1.88] o [.326] 0 |.12 0 | .66
03/06/82 - 03/12/82] 0 37.45 0 0.6f 6 [1.88] 0o |.3z6]l 0 [.n 0 | .66
03/13/82 - 0319782 0 7.450 0 06| 0 (t.ea o )i o |.o00 0 | .86
03/20/82 ~ 03/26/82| 0 37.45] 0 70.6) 0 [|1.88] 0 |[.326] 0 |.09 0 | .86
03/21/82 - 0402782 o 37.48] 0 70.6) o |1.88] o |.326] 0o |.08 o | .66
04/03/82 - 04/08/82) 30.6 | 8.0 | 18.2 |108.8] 1.25 1.5 | .18z | 25e A% [as ]| 89| .78
04/10/82 - 04/16/82 | 8.3 {106.2 | a2.0 {150.8] 1.19 [1.46] .207 .28 .52 .20 1| .76
04/17/82 - 04723782 | 12.6 |178.8 [ 96.2 [2¢47.0] 1.33 [1.40] .za 2391 .76 |28 | 80| .27
04/24/82 - 05/02/82 | 56.7 |234.5 [ 63.3 [N0.5| 1.14 [1.32] 183 219 .67 {334 80 | .78
05/03/82 - 05/09/82 | 58.1 l29z.6 | 83.2 |a93.7{ 1.43 |1.35| .286 | 228 A2 || e .
05/10/82 - 05/16/82 [ 73.0 | 365.6 | 18.5 |479.0 1,08 [1.297 .21% J.225| .76 |.38 | .89 | .20
05/17/82 - 05/23/82 | 66.0 1431.6 | 99.5 |s78.5) 1.51 [1.34] .258 233 64 |41 | 70| .78
05/24/82 - 05/30/82 | 44.3 |475.9 | 79.0 Je57.5]| 1.78 |1.38 J367 244 .73 |2 | .ap | .pe
08/31/82 - 06/06/82] @ 459 | o0 852.5) 0 |1.38] o [|.2¢1} o |[.42 0 |.m
06/07/82 - 06/13/82 | 31.9 |se8 3.7 4693 |1 N4 (.30 |24 [ .58 a2 .ea | .80
06/14/82 - 06/20/62 [ 16.7 | 524 16.9 |10 {10 f& | a2z e |57 a3 | L83 | a9
06/21/82 - 06/27/82 | 11.0 | 535 8.8 [N9 A (L3 [.08 [23 .58 |3 .4 | .80
06/28/82 - G1/08/02 | o 515 0 19 0 L3 o (23] 0 |.43 o |.r
01/05/82 - 07/11/82| 0 535 0 ny - (13} - 22|l o |4 - | .1
01/12/82 - 077187821 0 535 0 79 = B q - j23| o lao - .9
or/19/82 - or2sme | o 535 0 79 - 13- laajoe |.m» - | .
07/26/82 - 8so1/82 | 0 535 ) ne - |t - f23| 0o | - | .19
08/02/82 - 00/08/82 | 47,3 | 583 53.6 |72 10 L3 |9 [23 |5 {ao ) 92 | .80
08709782 - 0B/15/82 | 67.8 | 651 88.7 881 |13 (1.3 [.22 |23 | .13 ez | ez | .m0
08/16/02 - 08/22/82 [ 22.6 &M 15.0 [a76 J Ly (.05 |22 | .61 |42 | 1.00 | .82
08/23/82 - 08/29/82 [ 13.8 |e8a 7.6 18 1.3 (1.3 | .06 |20 [ .36 [.e2 | 1.00 | .82
08/30/82 - 09/05/82 | 41.8 | 729 4.0 341 1.1 1.3 1.8 (20 (.90 [.ea | .98 | .83
09/06/82 - D3/42/82 | 62.8 | 192 0.4 1010 {10 N3 |20 [20 | || .72 .82
09/13/82 - 09/19/82 | 21.6 |814 206 1032 1.0 |43 |1 |20 | .58 |45 | .88 | .82
09/20/82 - 09/26/82 | 10.0 |&24 -1 13.4 1045 | 1.3 Ji.3 | .08 |2 50 |46 | .18 | .82
09/27/82 - 10/03/82 | .9 |B2s 1.7 1047 |19 (1.3 |02 Ly oo |5 | .02 | .80
Total since 1020 1219 1.3 .18 48 .19
campletion
MMH/PERE 00
P = PERIOD Timg &= PLANT FACTOR = 2.5 5 TP-MOD) poa P - #0D - T
LT |

MNT = MAINTENANCE TIME

MID = MODIFICATION AMD PREPARAT ION

FOR SPECTAL TEST TiME

b_P-H)D-!‘HT

5-50



ORIGING

! L pape
Table &6, Performance Summary WTS Number 3 OF PO ng' in
| Ce LI
L ' PLART  [wrs avArL. [ADJusTED wrg TY
SYHE HRS Mi KRS AVG Mo FACTOR[E= | fi== AVATL. =
' TEAR YEAR YEAR TEAR YEAR YEAR
. PERIOD pertoo | to |pertop| to Pertoo| o |Pertop| o |Pertoof To |Perico| To REMARKS
o DATE DATE DATE ATE DATE DATE
1072681 - 1rso/m| s 40| 49 | 20.6| .82 |1.09) 06 |08 | 60 |68 | .79 .70
Hours - 43

102/81 - 10067811 1.5 25.5 1.1 24,9 .87 |17 .02 1.07 | .52 |.64 80| .79
Hours = 42,5

11709781 - 11/14,30) 10.5 36.0 { 15.% 45.4 ] 1.48 {1.26) .11 (.08 | .67 |.66 .81 ] .80

Hours = 87.5
l!naml-nr:n/:'li.‘,:.'.:r. #0510 22,3 72.701.20 {1.24] .15 |.10 | .88 |.70 .96 | .84
Rours - 718,35

120781 - 10727081 24,5 { 83,250 22,3 | 95.04 .91 |1.14) .19 .10 | .96 }.73 | 1.00 | .86 |} day perfod due to
Mours = 48 Thanksgiving Break.

U730/81 - 12704/81) 15.5 | 98.750 22.4 31124 (1,456 [1.19] .19 |2 ] .27 |.66 .41 | .81 | Actuator Seal Lesk
' Hours = 72.§

te/0s/81 - 121/81 9 98.75| © 1Mr4] 0 -f1.19] o I 0 A1 Q .75 | Actuator Seal Leak
Hours = 44

12214781 - 12718781 0 98,75] o0 M2.4( 0
PUEFAL - 1058 1,75 0010.5 | 12,8 1130.2(1.09

A9 0 A1) L6 |59 36 ) .72

18] 09 || .85 |.60 96 | .73]3 day period due to
Christmas Break.

—

1217481 - 01701782 NO ACTIVITY OUE TO CHRISTMAS BREAK

01/04/82 - 01/08/82] 0 1] 0 0 0 Q 0 0 18 1.8 .68 | .68 | Teeter Brake Test

olrils82 - 91715/82] 0 0 0 0 0 0 0 0 0 .08 0 ,22 | Teater Broke Test
Servo Yalve Chanye

01116/82 - 12282 0 0 0 0 0 0 0 0 48 .2 63 .44

1123/82 - 51729/82] M,

-

24,1 | 351 351|144 |1.a4] 22 [an] sE |34 .66 | .55 Corrected YTO Plant
Factor 2/9/82

1

i
ts:a0s82 - 9205s82) 11.88 | 36.18) 19.7 | s4.8 [ 1.66 [1.52] 295 | 143l .29 a3 | Les| .57
- | 92006182 - 02712/82| 0 8.15( 0 s4.8| 0 152l o |3 o |26 o | .83
L1282 - n2nge2l 9 36.15| 0 48l 0 187 o |2 o |24 o | .50
202982 - 9276921 3.4 | 19.56| 5.74| 60.54 1.69 [1.53] .39 |.099] .58 {.31 | .98 | .60
Vors27me2 - 03/05/620 38,45 "B.0 [ 41.06 [ 100.6|1.07 [1.30f .25 |.107| .82 [.43 | .26 | .69
936787 - 212,22 4441 {122.41] 630 |vedes |14z {r.ae] 22 |28 17 |ee | 2| 7
o wtIde - 331948 85.25 | 168.66( a4, |208.7 | .97 [1.24] 13 {.i29 .62 |81 [ .76l .m
’ 133020082 - 93/26/82] 30.90 | 199.56| 4.0 | 252.7 | 1.42 |1.26] .29 {.148] .35 |.a9 | .sa | 73
'372/%2 - 04/02/82] 30.20 [229.76) 36.3 |288.8[1.20 [1.26| 09 [13s| 2 [s2 | ;2| .
Ca L oas0382 - o4/09/82| 57.90 | 287.66( 61.8 [350.6 | 1.07 |1.22| .14 |.138( .88 |.56 | .50 ] .76
94710/97 - 34/16/82) 5.30 |322.96] 29.8 | 80.81 .34 [1.18 .130 |.138| .61 |.57 | .74 | .76
TN WA 611 1384.) | 735 |463.91.20 (1.18] .192 |.144] .70 |.58 | .76 | .76
i T w0825 36,6 1440.7 | 61,8 [515.7)1.09 |1.17| 152 |18 .m0 |.ss | L9a | .28
= BTid6.9 (497.6 | 7e.6 [S3.3) 1.3 (109 278 | S| a2 |Lse | e | .79
o + &2 79,5 1570.5 | 75.9 |672.3[1.09 [1.18| .198 | .1%8| .82 |.60 | .92 | .80
- i ¥ 16206 [ 65.5 | 737.8| 1.3y [1.vsf 18s (162 .65 |61 | .78 | g0
- 2671 ! 6206 [ 0 1732.87 0 |1.19] 0 [.161| .16 |.60 | 1.00 | .80
losinsor - sseoseess 3 iesos fo mafo j1a9 o || o fsa| o [ .%0
Yaserenr ceesisemi 3 le2006 | 0 (18| 0 |iael o Jae| o |2 o [ .1
Jdeteez - ocezorBz| o (6208 o (78| - 19 - |as| o s} - | .19
- aes21/82 - o6s21/B2| 0 6206 | 06 73280 0 |iasf o s o s | 0 1.9
: o6/28/82 - 07/04/82( o |620.6 | o (737.8) - |19 - [asj o [s3] - | .18

47:05/82 - 07/11782] B.S | 629 12.2 | 750 1.4 (1,2 .22 {16 | 3R |.53 | 1.00 ) .79
07712782 - 01/18,82] 54.1 1 684 &4.56 | 815 1.2 |[v2 | .23 |.16 | B2 |.54 94 | .80
07/19/82 - 01,25/82( 26.3 1 M0 9.7 | M L2y 13 e | 87 |55 .96 | .81
07526782 - 08/01/82( 41.3 | 751 53,7 | 898 1.3 j1.2 | .16 |.16 | .85 |.58 .8 | .81
2802782 - 0B/0B/B2; 63.5 | 815 64,0 962 1.0 (8.2 .20 |.e | .79 |.57 W93 | .82
08/09/82 - 0B/15/82] 11,3 | 8% 91.0 }i053 1.2 jL.2| .29 |7 ] .84 |59 96 | .83
JRCLG/R? - 087272782 22.0 | 914 12,2 |l06% 6 |12 04 |16 | .62 .59 | 1.00 | .83
SEARYR - LBA29582] 12,2 | 926 16.0 |1081 1.3 [t.2] .08 |6 ] .33 |.58 81| .83
L8282 - U9/05/82| 2872 955 26.9 1108 Lo f1.2] .10 (.06 ] .75 .58 86 ] .83

1106782 . 0I/12/R2) 54.4 NLOO9 65.3 |1174 1.2 L2 .19 |6 .69 |.59 96 | B4
1913782 - 09/19/82| 20.% QO30 2.4 1198 1.1 11.2] .09 (.16 | .88 |.59 91 | B4
09/20/82 - 09/26/82| 2.3 o3z .8 {1197 3 |2 .01 |15 | .62 |.60 | 1.00 | B4
99727782 - 10703r82( 57.8 QMO FI.CAJlZ?Z 1.3 |2 .31 y.a8§ .77 |.60 99 1 .85

Total since 1200 1402 1.2 .15 .60 83
completion
M /PERT 0D
H = PERIOCD TiME == PLANT FACTOR = T% & {P-RID} [ P - M0 - MNT
- F - "“i

MNT = MA[RTENANCE TIME

M0  + MODIFICATION AND PREPARATION P - WD - Mt
FOR SPECIAL TEST TiME E>——
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During the overspeed incident investigation, it was found that the life of the
bolts in the rotor field joint at Station 360 was considerably shorter than
predicted. This necessitated a change in.the bolts and the redesign of the joint.
Unit #1 rotor field joint was rebuilt prior to being refnstalled after the
overspeed incident, and the units #2 and #3 rotors were removed and rebuilt in
June and July of 1982, Inspections, changes, and strain gage testing of selected
bo1tsito preclude and correct failures have contributed significantly to system
downtime.

Hardware failures are discussed in Section 5.3 and faflures since resumption of.
operations on November 1, 1981 are summarized in Table 5-7. The distribution of
failuces between the various types of WIS components fs shown 4in Figure. 5-47 and
their relative contribution to downtime is shown in Figure 5-48. In addition to
hardware failure; special tests, logistics problems, and utility outages all
contributed to system downtime. Special tests are an ongoing part of the-wind
energy development program and inciude accoustical and electromagnetic”
interference tests. A summary of these tests is presented in Section 3.5.
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Table 5-7. Maintenance Experience (Sheet 1)

| ACTION TAKEH

" T T T T T T T R LY CODESS
}‘_‘___Jjﬂguuﬁy[‘q__ “.}}QUJ;_{ FAILURE INDICATIONS _
|fressure regulator set | 3 |Gearbox pressure low
Itoo low i- i
{ L
[Faulty relay |3 |Crack detecticn motor overload
I I :relay tripped
|Yaw programming functionl 3 [Yaw ol pressure low
land yaw pressure | |
1"expected states” not | !
|synchronized in | |
=softwa=e. = :
|Defective fuse (fuse | 2 |Blown fuse A-5 drawer
|holder that caused the | 1
tfuse to overheat) ; :
|Reservoir slip ring [ 2 1Pitch reservoir low indicaticn
[brush block { I
|Brush block worn (LSS | 2 {Microprocessor getting false
|s1ip ring) due to arcing] Istates on pitch system pressure
Icaused by misalignment : |
|
|Actuator gland seal | 3 [Pitch 011 Yevel
{leaking on Blade #1 | |
| o
|Faulty card cage and | 2 \CRT stops updating
:connecturs in Al card { i
|
IIncorrect line drivers | 2,3 |CRT fails to update
{provided | |
| |
|Arcing between adjacent | 2 |P1teh pump shuts down
trings due to accumula- | |
|tion of powdered | |
| graphi te | ]
| L
|Mis51ng wire between 2 Longitudinal vibration indication
I+ 15 YOC Power Supply
land card cage of A2
|drawer
| |
[Faulty Al card 2 Yaw pump ON/OFF.
I system in STBY,
|Bolts were not tightened| 2 Bolts loose.
Eon installation housing
]
Damaged D-rings on 2 Hydraulic ol1 lesk near high
filters pressure filter and at bleed off
valves
Defective anemometer - 3 |Wind speed anemometer reads half
I of true speed
Defective Al card | 3 [ntermittent HPU
|Faulty pump {PSR to be 2 HPU pump notfse on startup
theld open until failure
report on pump recelived | i
from vendor | :
|
|Poor load disteibution | 2,3 Aft wind sensor bracket weld area
|paths and insufficient | cracked
|weld callout on drawing | l
|
Seal configuration and | 2 |81ade #1 actuator
materials 1nadequate I
Al card loose in drawer { 3 Gearbox pressure low fndication
|
'
|
|
|

1

|Adjusted pressure regulator.
lappears eliminated

|

|

=Rotay replaced
|
ISoftnare change.
j
|
|
|

|Replaced fuse.
hours operation.

|Used spare contactor

Replaced brush black.
ltacts and rings with fsopryl alchol
fand saft brush.

Blade 1 &-2, 11 serration Buna-N

Viton seals

:Replaced Al drawer and XAl card

i
|Replaced Al card and problem did not

frecur,

{Replaced brush block.
|block ta minimize graphite buildup.

|Initiated vendor testing of new brush

}block materials

|
Ilnstalled missing wire

|
Transients with :Replaced card

|
LSS forward bearing :Retorqued bolts

Replaced 0-rings on f1lters and
replaced valves.
IBoeing. Mo fndication of leskage

|Replaced anemometer. Sent to

Replaced card

Replaced pump

i
I

|Braces added to WTS 1,2,43.
revisions released to fix WIS §,

Replaced with Yiton & serration
seals

|Repositioned connector holding
screws to allow deeper seating of
card

Froblen

{DR's F-53, F-49)

No recurrence in 30

Cleaned con-

seals replaced by improved & serratign

Modified brush

Yalves examined at

Seattle for investigation {NCR 1420}

Crawing

I
]
T
i
|
|
|
|
|
|
|
|
i
|
|
I
I
!
[
|
|
|
|
|
I
{
|
|
|
i
|
|
|
i
!
|
I
|
I

|
|
|
|
|
|
|
|
|
]
I
I
I
t
|
|
I
|
|
|
|
I
|
I
|
i
[
|
|
!
|
|
|
|
!
|
|
|
i
]
]
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Table-5.7. Maintenance Experience (Sheet 2)

T'_T'"' "FANT EODES/ T
| UNl

FAILURE_ INDICATIONS

|

| Temporary wiring
|installed for special
test

Unspecified

|Overpressure splke on
Ibackside of disc when

Miswired sensors

Incorrect seals on
bearings

|Pressure sag in rotor

|brake hydraulic circuit !

|during yaw
I

{

|801ts were probably not
:torqued on fnstallation
!

|Qverheated due to close
|proximity to HCU
}heaters

Solder connections on
1ESS return valve will
not sustain loads

Drag brake housing was
not adequately shimmed
on fnstallation

CRT keyboard contact
bounce

Teeter brake mount
bolts failing

|Cycling of ofl tempera-
|ture regulator causes
drep in pressure

Generator bearings
failing prematurely

|teeter brake valve opens

|
|
]
I
I
!
}
|
f
|
|
|
|
]
]
!
{
|
|
I
|
}
|
I
[
|
|

i
|

2,3

2,3

2,3

2,3

2.3

On-11ne Faflsafe tripped

|
ILube ol1 radiator Vesking

Brust disc ruptures

|
|
I¥ibration fndications

|
|
;LSS bearing seal
|

Rotor brake locked indicatfon

|
|
|
[
|
|
|
|
1Yaw parking brake
]
!
IZB YOC power supply falled
|
I

IESS return valve intermittently
causes blade position to wander

Yaw drag caliper mfsaligned
|

CRT 1n tower base does not
|respond to command

F2068 - Pitch hydraulic pressure
low due to sheared hydraulic
line. Excessive wear of brake
pads observed

F20B2 - Gearbox o011 pressure low
indicatfons. Appears to be
related to temperature fluctua-
tions requiring bypassing or
?ycling oil through the cooling
oop

FOAB2 - Generator bearing tempera-
ture high indication. 011 lesk
at aft generator bearing. O}
discolored.

| ACTION TAKEN
-

|
:Removed wiring
1
|

|1nvestigation {ndicated leakage too
Im{nor to require corrective action

Burst disc moved from vicinity of
teeter brake to reduce sensitivity
to teeter brake induced pressure
spikes

—————— e e 33

Hodified SW to instruct NCU to
ignore vibration indications when
in standby or Jockdown unless three
fndications are given. Corrected
wiring asso¢iated with sensors.

|Replaced fore and aft L55 bearing
iseals on WTS 3 and forward bearing
|seal on WTS 2 with longer seals.
jImproved installation instructions.
|0ther seals to be replaced as parts
[become available.

[5W change causes system to ignore
|temporary sags when rotor brake
Irelease occurs simultaneously with
|yaw operation

|Retorqued and subsequently monitored
weekly for one month with no indica-
tion of further loosening.

jHeat deflectors added to all units
by PRR 078

PRR 081 will replace with crimped
=connections

Extensive testing has {indicatsd that
yaw drag brakes can b< eliminated
from configuration with no 103% of-
capability

feplaced S10 on AS card

Testing underway to détermine
feasibility of deleting teeter
brakes. Interim disposition s 1o
disable teeter brakes and cap
hydraulic lines (PRR-092}.

|Propose to reset pressure switches
land time delays to allow the system
time to recover froé regulator
cycling. Propose to change software
$0 that shutdown fnitiated by the
Iprimary pressure switch is a self
clearing faylt, Testlng completed to
evalyste sbove. PRR-097 in progress.

Generator bearing Yube system
detersined to be fnadequate at very
Tow RPM during startup. New tube
configuration established and tested
by supplier. New lube ofl selectad.
PRR-082 1n progress.
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Unknown

Excessive wear of
ship ring hrushes

Control system over
sensitive to gearbox
oil level sensor

Control system timing
mismateh associated
with failsafe tripped
indication

Bedaring seqls on LSS
leaking

Unknown

Loose connection on
power transducer

Power instabilities

SKF coupling slip ring

Hydraultc oil drains
from hydreulic pressure
1ines when rotor parked
vertical

Taw drive bolts loose

Table 5-7, Maintenance Experience (Sheet 3)

uNIT

1.2

2,3

2,3

2.3

1,2.3

2,3

ORIGINAL PAGE g
OF POOR QuALITY

FAULT Conts/
. FAILURE IRDICATIORS

F20085 - Pilch hydeaul ¢ pressure
luw indications near transition
Lo speed conlrul in startup,

Spurious fault indications,
Accumelations of Liiver graphite
dust found 1n slip rings, Shorts
caused by arcing of silver
graphite dust,

FROB? - Gearbox oil leyel low
indication, oil leyel 0K

FOBB5 - Failsafe tripped, Fail-
safe is resetable at CRT when it
should require a manual reset

at the pacelle,

Yisual observation

F80B5 - Generator ¢ircuit
breaker open, no relay flags
dropped

F40B6 - 50% change in power out-
put, but power is steady

FADB6 - 50% change in power gut.
put (power unreasonableness).
BBOBS - Generator circuit
breaker gpen,

FBOB6 - Overspeed indicatfan
{al%0 associated with quill
shaft coupling slippage).

Power oscillations observable

on power output data stripout.

F8086 - Qverspeed indications.
Marks on coupling and quiil
shaft indicate relative motion.

F2085 - Pttch hydraulfe pressure
low indication prior to break-
away

Inspectian

ACTION TARE®
Engineering andlysts in prograss,
Insteumentatfon to be installed

Lo measure blade command,

Brush pressure reduced on replace-
ment brushes. New brush material
heing tested by manufacturer,
Monitering brush hlock wear every
100 hours. PRR-091 in progress,

Control system modified to insert

4 ohe second time delay in signal

in order to avoid shutdowns for
intermittent ofl level Yow indica-
tions probably caused by nofse in the
control system. Testing underway to
varify fix,

Engineering analysis in progress,

Outside seal on forward bearing
modified to include third seal,
Monitoring to verify fix.

Engineering analysis in progress,
Possible cause is incorrect setting
of relay flag trip points,

Tightened connection.

Problem is related to opersting
near the maxirum Cp curve at wind
speeds close to the rated power
transition point. Blade positions
on the wrong side of the maximum Cp
curve resvlt in power oscillations’
Tempurary fix 15 to operate off of
the maximum Cp curve 4t the trapnst.
tion. Software patch implemented
(DR-73}. Subsequent tests indicate
improvement, Engineering analysis
in progress on final fix,

Couping s1ips when subjected to the
the power oscillations described
ahove (WIS 2 coupling does not

si1p under the same oscillations),
WIS 1 restricted to operations in
winds below 25 mph. SKF reps to
tnspect coupling and assist iIn
development of final fix,

Rormal seepage through the pilot
uperated check valve and the
teeter brake release valve drains
the pressure line. During the
inttial stages of startup the
control system detects low pitch
pressure before the hydraulic
pumps can pressurize the line,
Software change to he incorporated
which ignores the pitch pressure
low indication until the blades
achieve breskaway.

Yaw drive bolt torque checked at
regular intervals. Engineering
analysis in progress for final fix,
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Table 5-7, Maintenance Experience (Sheet 4)

FAULY TODESS
FAILURE INDLCATIONS

ACTION TAXEN

F0B) - Blade cracked indication
with no detectable cracks

F40B2. - Pitch emargency accumu-
1ator precharge low {indication,

8rokan bolt

X-ray and dye penetrant

CRY recycles but does not print

Spurious lateral or longitudinal

Instrumentation data stripouts
indicate blade not latchin

Mo biade tip diffezential fault

FROBLEM _uniY
Alr leaks in rotor I 2
|
|
Emergency accumulator 1,2,3
precharge leaking
360 Joint holt ;ailures| 2,3 Noise in rotor.
found. . .-
Rotor weldment Flaws 2,3
have been detected inspections.
which are greater than |
allowable |
Gin pole backstay L Structural failure
structural failure
Unknown 2
words on screen
Wiring error in lateral 2,3 _
and Yongitudinal vibration {ndications
vibration sensors
Data prohlems k]
fndicatfons.
Whael on operatingl k|

encoder wearing
excessively

NCU card cage dous
not grip card securaly
snough to assure good
contact

FA0B4 - Generator fatled to
synchronize.

Spurious fault codes

Ssatant around the hydraulic line —
penetration through the station
1248 rib found leaking. Sealant was
reworked. Engingering analysis in
progress to determine if due to
sealant deterioration or—{nitia)
{nstallation.

Accumulator precharge monitored
frequentiy. Investigation initiated
to determine source of leak.

1
I
I
|

Bolts changed every 150 hours. 360
Joint rework scheduled for units 2 and
i3 (PRR-067). Bolt analysis fnvesti-
fgation continuing. Unit i bolts
{nstrumented to verify joint rework.

Rework of unit 3 by manufacturer
scheduled for 5-28-82. Interim
inspection of unit 2 conducted on
429, Unit 2 rework scheduled for
approximately 7-1.

Backstay redesigned and retrofitted
on unft 1. Units 2 and 3 to be t
scheduted.

Under investigation

System desensitized to fgnore
vibration {ndications for first

.3 sec. to avold shutdown due to
noise in system. Longitudinal and
1atitudinal vibration sensors rewired
per drawing correction.

Data problem,
normally.

Latch operating

|
Replaced operational encoder drive |
wheel with hardened wheel., Changed
software to adjust speed control
set point to optimize probability
of F being in 1inits with room for
wear-in of wheel.

Spare card cage on order for WIS 3.
Card retainers to be incorporated
in design.
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Table §-7. Maintenance Experience (Sheet 5)

—-.—FRODLEW ]

Prom sockets in Al cards
wear from repeated
removals/reinstallations

Burned brush block—
contacts

Burst discs rupture

Defective IESS valve

Blade does not go to
feather

Leak fn yaw brake area

Utility power voltage
fluctuations greater
than expected

Failsafe encoder

Defective chip in the
XAl card

TTTTTTTTTTTTRAILY CORES 7 T T T T
WNIT_ ). FAILURE INDICATIONS

XAl card exhibits intermfttent
operation,

3 F2083 - Blade crack dotected -
no crack exists.

Efuse in A-5 drawer blown.
2 jF8084 - Blade tip differential
|fndication
|
|
|

2 Observation
:
2.3 F4084 - Genarator failure to
synchronize indication after

|
1,2,3 |F20B6 - RPM error indication.
Visual inspection of coupling.

|
k] Subsystem startups occur during
NCU power-up sequence. Loss of
manual centrol,

|
1
}

2 F40B% - Pitch system fault,

3 F2085 - Pitch hydrawlic pressure
tow,

2 Unable to reach breakaway - F§

ORIGINAL PAGE
OF POOR QUALIT'{?

ACTION_TAKEN

Replacempnt XAl cards and oxtra
spares on order.

Changed brush blocks. |

Deleting burst disc. Installing 3OO
lpsi retfef valve (PRR-096).

Replaced 1ESS valve,
8-6-82.

Problem found to be a piece of metal
debris which shorted the pitch

position potentiometer. Design changol
in process to add protective enclosurel
around potentiometer (PRR-094).

Problem found to be leaking bleed
plugs, Plugs replaced.

Changed synchranizer AY to 4 volts.

|

Problem found to be encoder alignment.
Couplings removed and reptaced and
encoders realigned.

noved and replaced chip #3 on the |
1 card. ’
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Spare rarts shortages were the primary logistics problem, While spare parts were
generally available in Seattle, when parts were needed at the site, a day was the
minimum response time achievable. In March 1982, facilities for spares storage
were obtained at the site. This greatly reduced the downtime associated with
lack of spares. In addition, there were failures where spares were not in the
warehouse because they had never been ordered or had been used and a replacement
had not arrived. One example of this was the actuator seal replacement on unit #3
which required a weeks downtime while the actual task of seal replacement

took two days. The spare actuator seals had been used on unit #1 and replacements
had-not arrived when needed.

Utility outages also contributed to system downtime. While most outages were
attributed to faults on the utility grid and,or scheduled maintenance of the

line, several outages were caused by problems at the on-site substation. One.of. ..
these resulted from a ground squirrel working its way into the counnection

vault in the substation and causing a fault. A change to the design of the vault
eesolved this problem.

While there have been a considerable number of problems, much of the downtime has
been associated with recurring problems for which fixes were not yet implemented.
Over 70% of the downtime results from recurring problems. As the causes of these
failures are found and resolved, the performance of the machines is steadily
improving. This is discussed further in Section 5.5.3.

5.5.2 Maintenance
5.5.2.1 Maintenance Experience
The maintenance actions accomplished at the site have ranged from major repairs of

unit #1, {after the overspeed incident) to the sampling of hydraulic fluid as part
of a scheduled two-month maintenance action. All required activities have been

- completed with no major problems encountered due to the elevated location of the

nacelle or lack of adequate space for maintenance or repair. Transportation of
tools and parts to the nacelie is easily accomplished by use of the tower manlift
or a puliey and hucket system rigged in the tower. In addition, transportation of
large or heavy items to and from the ground has been accomplished using the
monorail mounted hoist through the aft nacelle door.

The time required for maintenance tasks has generally been close to the estimated
value. For example, changing an actuator seal required-approximately 16 hours and
three men. The predicted requirement for this task was 16 hours and two men. While
experience shows that three men will always be required for safe completion of this
task, as a crew becomes experienced in the rigging and operation of the rotor
access device it is expected that the time required for the task will be 10 to 12
hours.

A typical example of a less major maintenance activity was replacement of an "0"
ring in the yaw hydraulic system valve manifold. A similar activity was predicted
to require 9 manhours for a mature system with experienced maintenance crew. The
task actually required 13.5 manhours the first time it was done. Again, 1t is
reasonable to believe that the mature system prediction is achievable as experience
is gained by the crews.
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One area where significantly more manhours are required than the prediction is in
scheduled maintenance. The present documented requirements for scheduled
maintenance are 270 manhours while the original maintenance analysis of mature
production in large farms predicted 72 manhours. The tasks required are shown in
Takle 5-8. 1t s expected that as confidence is gained in the WTS subsystems the
frequency of many of the scheduled actions will be reduced. In addition, as the
design is matured, subsystems requiring excessive scheduled maintenance can be
modified to reduce this requirement. The impact of this incveased scheduled
mainienance on system power output is not as significant as an equal amount of
unscheduled downtime because a large percentage of the scheduled maintenance action
can be completed during low wind periods. Experience at Goldendale has shown that
activities can be scheduled around wind avallability relatively easily.

Data gathered during the disassembly of unit #1 following the overspeed- further
supporis the accuracy of maintenance requirement estimates. A comparison of the
estimated and actual. times required for various tasks is shown in. Figure 5-8A.

Maint nance 'ﬁme(ﬁ; crgsnplato

Analysis | Actual Analysis_| Actual

estimate | experience | estimate | exparience
Prep for rotor removal 48 60/64 16 16/16
Botor removal 656 88/88 8 8/&
Prep for nacelle removal 48 30 16 8
Nacelle removal 72 80 8 8
Teeter bearing removal 48 60 8 24
Tip separation from mld. 64 4C 16 8
Actuator seal change 32 48 16 16
HPU 0"’ ring change 9 14 6 7
Twa month scheduled 19 24/32 10 11/13
Six month scheduled 32 18/84 20 22/36

Figure 549, Maintenance Time Cornparisons

5.6.2.2 Special Maintenance Tool.

The special tools developed for MOD-2 maintenance are shown 1in Figure 5-50, Most
of the tools specially designed for use on the wind turbine have been utilized as
part of the WIS maintenance. This equipment has functioned well, particularly the
rotor access device and drive train position and lock tools which have been used
frequently. The rotor access device has been used for changing the actuator seals,
inspecting the tip area hydraulics, and inspecting the crack detection sealant, It
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Table §-8 Scheduled Maintenance Requirements Summary OF PO Q

FPunctiona glg g8 Bl E Praceours [ﬂ>
) Maintenance ik aa(RlE&la]® misrince
‘ Rotor Sructural/erak mipecuon (i yesr only) X 62217
- Suructurat/crack impecuion 1204 year only} X 53223
- Structural/crack Inspectian x 5421
Inmwct seals and lubricaty wpindiy besrings X 4.2
lnapect tip hydraulicn X B.A.2.1
Inmact tip sl sctustor snd lock muchenism X 5.4.2.1
Clasn s repaint tip bisde X 5.6.23
Clean ana rupaint enine rotor x| 8.2
- Teownr Inspecn “c3tar stopm x X 85.22.1/8 422
; . Inspect teeter bearinga X 8222
L.8.5. Inspwet and twit LSS mounted pich X 6222
hydraulica
Sampie g snalyte hydraulic eil X 6222
. Tost pitch hydraufic presrs snd tempecature X $5.2172
T fwitcher
! Inspect/mrace ¢rack detection rystem H x 5.2.2.3/542%
Inspact wnd service LSS basting sssemblies X 5224
Change beating lubs oil x 5428 i
- Tast bearing emperatum snwon x 56.2.1
' inspect and mrvice RPM sansot mstaltations X 5225
Inspect and service slip fing ssembliey X{x $.2.26/5328
Ingpect quill shaft coupling x §2217
Grarbox Inspect/mreice garbox dehumidifier x x §2.285522
- Towt and survice pearbax lutw yyrem X 5228
Gaartrox visusl inspaction x 83.29
Gawtox tabe oil anslyss x $.3.210 ——
Gawrbox major insection X 5621
Text critical Dressure ang temp. fwitchas X 552102
1
HSS Inspact high spesd shft cousling 1x 52.2.10 !
Ingpect totos brake X 52212
Generator | Check generator lube oll tevel X 5.22.11
Ton inwlstion fesistance x §5.3.2.12
S Changs generator lube 0il, insect/clagn X 54,212
|- winding and exciter. check besring wew
- Tot critical Overnemg switches X 5521
QAL Inapwct grownd fsult snd ditf peotaction metays x 53213
- Ingoect snd service GCB, overunent x 64214
i ey, tripping celay snd voltage regulstor
- Lngpect and srvice lom of excitation relay, X 5524
reverse powsr ralay, time O.C. relay..
and aurxilisty relays
Yoew Inpect yaw brake mechanisms X 52212
Ivapact sl sarvice yew/rotor brake x $22.12
hydesalc systom
Changs yaw hydraulic olf wpply filter 3 5J 24
Funcuonal test yew hydraulicy overtemp, X 5.52.47.2
il premute switchd
Inspoect/sarvice yaw 3lip rings x §5.4.2.16
. Inspect yaw drive gesr meducer X 62212
| Lubsicate vaw g qaat pinion and bearing x §2.2.12
| Change yaw drive gearbon lybs oil X 54216
I Inacwct yirwr bearing mpRATt structure snd X 653214
' fmar reducer fatanere
NCU Recalibrate powsr mupplin x 63.2.15
- Tett fail sefe tystem x 52213
L Nacetla Inspecy/mrvice fire protection systym X|x|[x x 8.2.214/53.210
B Gonaral 542176622
rL Inspct and text ventilation system X ; 8.3.2.18
. Chech operation of A/C waming hghts x i 52214
Naceile genersi/atructursl inspection x ! $42.17
Inapect Nacelle satety squipment x )| 5A2.18
Rrcondition rescumatic unis X 58.2.2
.
o Tawer Inspwrtand service manlify xix|x :2.2.1015.3.2.13
: 4.2.19
IHvect snd test uninmruptebie powsr system: | X 82215
Tower ganarsi/structurst inspection X 54220
BTCU L ct and test phase srquencs retpy x 832w
Inapect and service bus tie brasker % 8421
freq. relays. ux. relays, KRVAR/KWH
matars, Md disponnect yitch
Calibrate mytens x 58.24,
KFMA Invpect and service output trenslormer x 53220
N wTS Plech control femponam test X Baax
. Gerweal Ifpecy WTS ehct. bonding conrmctions x 84224
B Inpoect sfety equiprint x 54226
i WTS pinaral clepning/nipainting %1629

! [f>>see Reference 4
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* Rotor lock-assembly

* Rotor positioner

* Teeter positioner and lock assembly

¢ Rotor access device {Spider staging)

¢ Rotor tip positioner and lock assembly
* Rotor tip removal set

* Gearbox tool set

® SKF coupling tool set

»NCU fisld test unit (FTU)

*Hydraulic oil sampling kit

Figure 5.50, Mog.2 Unique Maintenance Equipment

functions extremely well, requiring three men approximately four hours to rig and
has been used. successfully in winds up to 30 mph; however, maintenance crews fael
that 20-25 mph is the maximum comfortable working wind speed. The drive train
position and lock tools and the rotor access device are shown in use in Figures
5-51 and §-52 respectively. Other tools and test equipment required for maintenance
are shown in Table 5-9.

The gearbox maintenance tools were used to disassembie unit #1 gearbox following
the overspeed incident. They worked very well, with a complete disassembly
inspection and reassemby of the gearbox accomplished in less than a week.

The rotor position and lock tools are used frequently to position and secure the
drive train for maintenance. The original plan was to have one set of this equip-
ment for each WTS cluster. It is now felt that considering the frequency with

which they are used, this equipment should become an integral part of each WTS.
5.5.2.3 Maintenance Manuals and Training

A MOD-2 Operations and Maintenance Instruction Manual (Reference 4} has been
prepared and is in use for maintenance at the site. The manual contains a system
description as well as sections on scheduled matintenance, troublechooting, changing
components, maintenance tool requirements, system operations, and component
adjustment and test. Data supplied by the vendor for approximately 50 major
subassembties and components are included as appendices to the basic manual. The
manual was first issued in December of 1980 and has since been updated to refiect
changes in system configuration, and to tncorporate changes resulting from field
use.

The manual was used as a training aid in the operations and maintenance training
course conducted for Bonneville Power Administration personnel. This four-week
course consisted of both classroom and field work. Topics covered included:
principles of WTS operation and design, a detailed description of all wind turbine
systems, proper use of alt unique maintenance equipment, safety aspects of
operation and mcintenance, troubleshooting, and scheduled maintenance requirements.
Emphasis was ptaced on safe operations and maintenance of the machines, and

maintenance of the systems have been assisting Boeing crews in the maintenance of
the units, thus supplementing the formal training class.
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High speed.shaft
brake.disc

;;—,,JL.—-'—-‘Rotor fock
- _ ) assembly

Electric
motor

- e Motor ' :

starter —

Maotor
control

Figure 5-51. Rotor Positioner and Lock Installation
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Figure 6-52, Rotor Access Device Installation
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A3
R4
RE
R4
R?
R
G1
G2
¢

M1
M2

M3

M-8

-7

Mg
M1y

M3
M:14
M-15
W18

- SKF coupling
tool st
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Table 5-9 Special Support Equipment

Nome

Rotor look
by

Aotor positioner

Pt oo,
0324900061

032490004-1
32-49000241
0324900081

Tester positioner
nd loc

Rater t .
tioner lr?dp!gk

Rator tip 0324800031
removsl mt

Hoisting and
handling equip.

Rotor sctees
devica

Gin pole

Gearbox toal
»t

See Appendin
A-45

032490001-1
See )
A-M”m *
See x
Am‘-ﬂmﬂd
Sev Appendix
A21

NCU fieid tent 0324900101

unit
Qi sampiing kit

Portable air
SoOMmpressor

_mdnulic nrvics
N chargin
kl‘ttm rging

Portatile
ventilator

Lube support
kit

Relay/brasker
maintenance equip.

Maintensnics equip,
-, shectricsl

General purpow
tool mt

032:490011-1

Comvenience equip,

ey
heater, #rc.)
Transit

Servo snalytet  Model SA-2

Optical
uchamater

Diad indicator

T Seerefetence 4.

Sums
Bosing .. ..
Bosing
Boeing
Bosing
Boeing
Bowing

{Beate)

Bosing
{Soidar)

Bowil

{N .Sf?.l
Boeing
{Stal-Leval)
Bowing
Boeing.

Bowing
Avallsble
locaily
Available
ocaity
Avallable

locally

Aviilable
tocally

Avallable
locally
Purches
locally
Aveilable
locally
Avglisbls
focslly
Avsilable
localty

Avsilsbie
locslly
ACS
hydraulics
Avallable
lochlly
Avsilsble
tocally

5~64

Paragraph
refsraiica

8.1
11
8.1.2
g3
814
1.8
&8

8,1.12
1.8

&g
819

817
81

a1Ln
B1.11
CRRY!
XY
B1.11

&in

U,
Positiva lock of rator/drive train
during msintenance

To manually rotate and pasition
rotor/drive train

Manually poaition and secure rotor
In tester sxls

ll!ﬂmudty position and-secure blade .
p

Blade vp.ceplacement
Component removal and insti-
lation

Inspection/maintsnancs of rotor

ssaembly
Rotar mmoaval and instaliation

Gearbox repair
Attach/detach LSS aft coupling

Test and troubleshoot NCU micro- .

procesior asambly
Draw pitch hydraulic oil sample
Provide compressed air source

Drain, purge srd refill pitch or yaw
hydraulic systams

Recharging hydraulic sccumulators

Provide ventilation while working
ingide rotor

Servicing lube cil in gaarbox,
LSS besrings snd generator

Servicing GE reltys and breaker
carts

Troubleshooting and repair of alee:
wmical/control systams

General maintanance

General use during maintenence —

Aligning wind sensor 10 nacelle
hasding

Testing pitch strvo valve

Troubleshooting APM encoder
systems

General use in maintenance
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Availability of the MOD-2 units has been tracked to assist in evaluating machine
performance. Two methods of computing availabity have been used. The first presents
the percentage of the time the turbine could have operated if wind and crews were
available. it is computed using the equation:

A = Period time - Downtime where
Fer1tod Time

Period time is all time that operators were available to monitor the machines and
downtime is any time the machines were not capable of operating during the period.
There are three categories of downtime: These are maintenance, modifications and
special tests.

The- second method of computing availability, known as adjusted availability,
attempts to determine what the availability of the machines would be if no
modifications or special tests associated with the development of the machines were
being conducted. The equation used for this calculation is:

A = Period - {Downtime)
Period - Modification fime - Special Test Time

This "adjusted availability" more closely represents the capability of the MOD-2
WTS after the initial checkout and test period in which hardware and software
modifications are correcting initial design deficiencies. Adjusted availability
also eliminates from period time, all downtime for special tests such as evaluation
of noise, TVI, and wake effects.

Typical examples of modification and special test time are shown in Figure 5.53.

Rotor 360 joint changes

LSS bearing seal modifications
Gear box modifications .
Generator bearing modifications
Control system improvements
LSS noise investigation

Slip ring inspection and test
Yaw drag brake test

Teoter stop bumper test

IESS hamess modification
Brush block modification

Servo valve harness modification
Special tests

Figure 553, Typical Modifications
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Perfod time in both of these equations represents only the time crews were available
at the site since the machines have not yet been cleared for completely unattended
operation. In addition, period time does not include time the machines were down
for_modifications following the overspeed incident.

The cumulative availability history trends are shown in Figure 5-54 through 5-57,
and monthly average availabilities are shown in Figure 5-58 through 5-61. These data
are also provided in Tables 5-10 and 5«11.. -

The discontinuity on these charts between the end of May 1981 and October 1981 is
the pericd all three turbines were shutdown as a result of the overspeed incident.
The dip in the four week availability of unit #2 (Figure 5-55) during January and
February is the result of the rotor Sta. 360 modifications. The zero availability
recorded during March s the result of the generator bearing modification. The
affect of this period on the adjusted and unadjusted cumulative avajlabilities can
be seen in Figure 5-55. While the unadjusted availability has a dip in this peried,
the adjusted cumulative availability is not affected by the modification downtime.

The. availability of unit #3 was low during late 1981 and early 1982 for a variety
of reasons. In December, the pitch actuator seais were changed on both. tips, and in
January the rotor access device was used to change a servo valve., In addition, a tip
mounted IESS valve instailed as a result of the overspeed incident developed a poor
electrical connection which was repaired. These items were treated as maintenance
time and resulted in decreases in both basic and adjusted availability. In March,
basic availability remained low as a result of rotor Sta. 360 joint modifications.

1.0 l
I
Rt ) 3 i
|
8o |- |
-,
Ny,
nr NG WTS Number 1 /\/\
\ Failure Operations
E .80 \\ Resumed
|
5 80— \v'f
<
>
40
20 - —— Adjustéd
ame= Bagi¢
J0F

0 1 1 3 g I f 1 1 L ' 1 1 1 1 L M L 1
Jan Feb Mar  Apr  Mey Oct Nov Desc| Jan Feb Mar Apr Msy Jun Jul Aug Sep
1981 1982
Figure 5-54, WTS Number 1 Cumulative Availability
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1981 1982
Figure 5-57, Cumulative Availability All Three Units
Table 5-10. Cumulative Availability
Unit no. 1 Unit no, 2 Unit no. 3 Al units
EBmlo Adjusted Basic _ Adjusted Basio Adjusted Basle Adjusted
Januery 1981 78 R:[1] - - - - J6 . B0
February 1981 74 78 - - - - T4 76
March 1981 89 .78 - - - - 89 78
April 1981 .58 g2 26 40 - - B3 .68
May 1961 54 22 .60 72 A .80 57 J2
November 1981 - - 87 .88 66 81 .6 J3
Oscember 1981 - - 04 74 .80 73 59 73
Janvary 1982 - - B7 T4 54 69 .66 72
Fabruary 1962 - - 45 73 51 g2 60 72
March 1982 - - .38 73 .68 73 49 73
April 1982 52 70 46 .76 -1 a7 R:x ] 76
May 1982 53 37 A9 a7 80 78 54 78
June 1962 47 08 A8 a7 R .78 50 .76
July 1982 B2 Vi A4 27 .B? B0 b1 78
August 1992 63 73 A7 79 B8 82 53 .78
Septemnber 1982 51 a | A8 a9 80 83 63 .78
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Table 5-11, Monthly Avallability

Unit no. 1 Unit no, 2 Unitno .3 All units
Basic Adjusted Basic Adjusted Basic Adjusted Basic Ad]usted
January 1981 .76 .80 - - - - 7B .BO
Fabrumry 1881 72 73 - - - - 72 73
March 1881 .68 73 - - ~ - 83 73
April 1981 .22 b1 .26 40 - - 24 A4
May 1981 .28 .87 .82 86. Vi 80 .64 .80
November 1081 - - .53 .62 Ny 91 .66 .76
December 1981 - - 79 .88 a2 42 .62 89
January 1982 - - 28 .75 4 .66 31 82
February 1982 - - 04 A2 A7 81 30 .78
March 1982 - - 0 - 834 .78 44 .76
April 1982 - - 62 79 72 84 .87 .81
May 1882 57 94 .64 81 .81 .88 81 87
June 1882 24 35 .51 .88 - - 28 52
July 1982 7 .87 - - .78 a3 .5¢ .80
August 1982 56 .83 .62 .91 .86 95 .61 80
Septemnber 1882 42 .67 .53 70 73 96 .B7 79

The overall contribution of the modification and maintenance actions since January
1, 1982 is shown in Figures 5-62 and 5-63. These show that 35% of the downtime in.
this period has been caused by the Sta. 360 Joint modification and the generator
bearing problems. They also show that recurring problems and modificatfons, for

which fixes have been implemented or are being developed, account for over 90% of
the downtime.

One factor in the improving availability trend during recent months has been the 24
hour manning of the site. This improves availability by providing rapid response
to fault shutdowns. An analysis of the impact of 24 hour manning at the site has
shown that if the machines were being operated in a commercial scenario for large
clusters with two shift on site coverage, and a two hour response delay on the re-
maining periods the adjusted availability would decrease approximately 5%. This
relatively small contribution of 24 hour coverage, coupled with the improving
availability trend in recent months as operating time is built on the machines and
the large availability impact of resolvable recurrg??iproblems provides confidence
a

that in a commercial scenario the predicted avail ties 1n excess of 90% can be
achieved.
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Hours of ?";‘o‘:‘:’“"""
item downtime__ .3 allability

8TA 360 Joint 1047.0 10.1
Generator bearing lube 498.0 4.8
Spacial tests (TVI, SERI, etc.) 340.0 33
LSS bearing seals 82.0 08
Quiil shaft coupling 68.0 0.6
Engineering Instrumentation. 164.0 1.6
Actusator seals 48.0 0.6
Rotor weld Inspection 161.0 1.6
Control system mods 66.0 0.6
LS8 bearing nolse - 63.0 0.6
Rock anchor checks 91.0 09
Yaw drive fasteners 87.0 0.6
Other 289.0 28 _

2954.0 28.6%

4
=

Figure 5.62. Moadification Time 1/1/82 - 10/3/82

Hours of 00|r:,trlbuﬂon
Item downtime :?mll:::mry

UPS charging problem 78.0 0.8
Teeoter brake 46,6 04
Servo valve. 18.8 0.2
8lip ring problems 366.0 38
IESS velve wiring 20.0 0.2
Vibration sensors 26.0 0.3
Yaw drive bolt torque 23.0 03
Al loak In rotor 37.0 04
Control system 86.0 0.8
Powaer Instabliities 39.6 04
Actuator seals 87.0 09 _
Other recurring problams 170.0 1.6
One-tims fallures 176.0 1.7
Scheduled meintenance 194.8 1.8

1377.0 13.3%

Figure 6-63. Maintenance Time 1/1/82 - 10/3/82
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5.6.4 Spares

The MOD-2 spares 1%s
updated based upon s
configuration. This

cluster. As the syst
increases, it can be
decrease,

t is shown in Table 5-12. This 1ist has been continuously

pares usage at the site and modifications. to the system

11st is the recommended spares inventory for the three unft

em matures and the number of units located in a cluster
expected that the quantity of spares required per turbine will
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4552004111
4552001111
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455200F 11}
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4552008111
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A54200F067
455200F117
4 20000F 006
430000F 154
420000F 006
420000F Q06
4 30000F 006
420000F 006
420000¢ 006
420000F 006
420000F 006
420000F 006
420000F 006
420000F 006
420000F 006
420000F 006
420000F006
420000F 006
420000F GUb
420000F 00
4 20000F 4ub
4 20000F DO6
4 20000F DVG
420000F 006
420000F D06
4200005 D)6
&430000F 154
420000F 008
420000F 005
42000UF 006
420000F 006
420000F006
4 20000F D06
420000F 206
4200005006
420000f 006
420000F 00b
4200006 006
420000F V06
420000f 006
420000F LOB
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Table 5-12. Opara.t('anal Spares Recommendations (Sheet 1)

PART HMLF2

1rmdallngt
17HMAL R
12ECRGIALA
1271IF 57848
165R18)19
[LRIUYS

70026 361
Bo2-9524 - ¥y
RBUOK9zuJ}

G 6LUrJOUdU

9L 11PGBssud
M-D1HH
M-0193

SIM TO 200Kt 3G]
BA4ZOLOLGY
BaA21-3
AM-4,16-250(K1T)
AM-4,16~250-9H
CAT #9¥08BD001
D1-1801
1823-1
1823-10
2894-41
289L-21
95007-11
62513

62ELG

62833

62844

62373

626i'n

62879

62880

63017
9TZ3B3872
411-20-43Y-C3
N28T2505835L04P
BOQ3 3518-A
4-1294
59110069-4
5960254
700-239
8004-1145-1
8004-1146-1
8004-1146-2
8004-1146-3
8004-1147.1
BOO4-1148-1
8004-1152-1
BUO4-1166-A
8004-2454-1
BO0A4 -2454-1{KIT)
8004 -2455-1
8004-2476-1
8004-2477-1
8004-2478-1
BOO04-24749.)
8004-2483-1
8004-2484-1
8004-2492-1
B004-2509.-1
8004-9826-1
94/34x500

B2?

g27-1
GST11-KH-25MY

IN-AGBR-BOU/STI1-N-25

LS. -16/L-18G
L5 -20/L-246
L.5.-26/1.-44
L.5.-6/L-11611
RA-401012
RA4DL615
SLFT4952-537
SLFT4952-.543

T1651-430/T2501-108

MAHYE R TRt R

L.F.
[’
u.l .
G.E.
6.
G,
Lt
CROMETON
St
a.k.
G.E.
BLCKmlTH
BELKW!TH
G.E.

[ XN =N
mmmm

G.E.
CHROMAL AX
DHYER [NSTR
DWYER INSTR
FISHER CNTL
FISHER CNTL
CARGOL ANRE
ELELTROTECH
ELECTROTELH
ELECTROTECH
ELECTROTELH
ELECTROTELH
ELECTROTICH
ELECTROTECH
ELECTROTECH
ELECTROTECH
G.E.
LAMARCHE
G.E.
STAL-LAvAL
MUNTERS
STAL LAYAL
POWERS
POWERS

STAL -LAYAL
STAL -LAYAL
STAL-LAVAL
STAL-LAVAL
STAL -LAVAL
STAL LAYVAL
STAL-LAYAL
STAL=LAVAL
STAL-LAVAL
STAL-LAVAL
STAL -LAYAL
STAL -LAYAL
STAL -LAVAL
STAL-LAVAL
STA, -LAVAL
STAL-LAVAL
STAL -LAVAL
STAL-LAVAL
STAL ~LAVAL
STAL -LAYAL
STAL =LAVAL
STAL-LAYAL
STAL -LAVAL
STAL-LAYAL
STAL-LAYAL
STAL -LAVAL
STAL-LAYAL
STAL ~LAYAL
STAL-LAVAL
STAL =LAVAL
STAL-LAVAL
STAL-LAYAL
STAL -LAVAL
STAL-LAYAL

DES RIPTION

AU TARY R AY

Aia L TARY RYGAT

b, SEG. B 4T¥OLT. RFLAY
OYLR/UNDER FREQ. RELAY
CIRCUIT BRKR, CONTROL SWITCH
POTERTIAL TRANSEORMER

K1 OWATT HOUR METER

PHASE SHIFTING XFORMER

PHASE SHIFTING XFORMER
CURBLNT LIMITING FUSE
LIGHTNING ARRESTER

SYNC, CHECK RELAY
SYNCHROMGZING RELAY

KILOYAR HOUR METER
THERMOSTAT

FUSE AOLDER, 2-POLE, 250V, 30A
RENEWAL PARTS SET, AIR C.B.
AIR CIRCULT BREAKER

PRIMARY FUSE, PT

SPACE HEATER

PRESSURE SWITCH

PRESSURE SwiTCH

RCLIEF YALVE

RELIEF VALYE
DEHUMED. A!R FILTER 52T

SLIP RING MOJULE-LSS

S 1P RING MOTULE-LSS

SLIP RING B'BLOCK-LSS

SLIP RING B'BLOTX-LSS

SLIPF RING 87 fLOCK-LSS

SLIP RING 2'BLOCK-YAW

SLiP RING UELOCK-YAW

SLIP RIMD 2'BLOTK-YAM

SLiP RING 8°'DBLOCK-YAW
4E0Y r 20BY 1120V JOKYA XFORMIR
BATTERY CHARGER

4160y /480y 150KYA ACCESS., POMER XFMR
SEALING RING

FILTER ASSEMBLY

BULBS

REGULATOR VALYE, NO. 11
THERMAL SYSTEM, REG, YALYE
TRANSFORMER

TEMP, SWITCH

TEMP. SWITCH

TEMP. SWiTCH

DIFF. PRESSJRE SWITCH
PRESSURE SWITCH

LEVEL SWITCH

LOGIC CIRCUIT BDARD

PR. RELIEF VALVE

PRESSURE RELIEF VALYESPRING SET
NOK-RETURN YALYE

CIRCULATION OIL PuMp

LUBE DEL PUMP

SHAFT COUFi ING

SHAFT CQUPLING

LUBE OlL Pump MOTOR
CIRCULATION OIL PUMP MOTOR
ELECTRIC HEATER

DIFF. PRESSURE SWITCH
DLHUMLIDIF LER

FILTER CARTRINGF-AIR YENT
OYERLDAD RLLAY

OYERLOAD RELAY

FILTER CARTRIDGE, LUBE OIL -REUSEABLE
INSERT ASSY, OIL FILTER
CONTACTOR

CONTACTOR

CONTACTOR

CONTACTOR

RELAY

RELAY

0-RING, OIL FILTER, YITON 179.3X5.7
D-RING, OIL FILTER, YITON 209,3x5,7
COUPLING BOLT-SET FOR 8004-2490.A

5-74
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Y

L ]

LYSTEN
MPLTEE I

[ AR
&1y
610w
BIC
2ICu
7ty
Ity
8¥y
BICY
(e
B1Cy
BTCy
ETCY
BTCY

BICU/GA
BICU/GA
BYICU/GAY
BICU/GAF
BTCU/GA:
B8TCU/GA.

CRACK
CRACK
CRALCK
CRACK
CRACK
EPS

24

EPS

EPS

£ps

£prs

£ks

LPS

EPS

EPS

EPS

EPS

G'BOX
G'BOX
G'BOX
G'BOX
G'80X
G'BOx
G'BOX
G'BOX
G'RIX
G'BOX
G'BOX
G'BOX
G'BOX
G'BOX
G'BOX
G'80x
G'BOX
G'BOX
6°BAK
G'BOX
5BOX
G'BOX
G'BOX
GBOX
6 BOX
G'BOX
G'BOX
6'BOX
G'BOX
G'BOX
G'BOX
G'BOX
G'00X%
G'8Ox
G'80x
G'80%
G'B0X
G'a0X
G'BOX

OETECT
OETECT
GETECT
SETELT
DETELT

DKy
LJBE
LUBE
LJBE
LJBE
LJBL
LJBE
LJBE
LJBE
LuBE
LJBE
L3BE
LJBE
LUBE
L JBE
LIBE
LJBE
LUBE
LUkt
LUBE
LUBE
LyBE
LUBE
LuBE
LuBE
LUBE
LUBE
LUBE
LUBE
LUaE
LUBE
LUBE
LUBE
LUBE
LUBE
LUBE
LUBE
LURE



E FhieT NUMBER
AL AP0 8 g T R

L RPN 1o fat ) 844A

L TR 2N IS N {

Iy - . Do AL

'_ ..-_,_ N E":.'f;‘(:_..'ll

Noan e [T BA I
45320UF Yoo V2IRTSICZA

A5 32008 Hikn 165a181]

R Sk D LAAAY
453200 WUy &4 3xnh

4432908 50 644266212
453200F YU == 750X 106G

453200F 000 7501068

45 3209 Guu 8415-3

453200F 000 975882804
4532005000 CR?05A0y2

4535209k yud CRZULIVULADA
A453200F oy 10365541004
453200F D) RoluU425XX 25
453200F 000 R6110425xx2¢C
453200400 SCP250G-60
453200F400 SRAA3BO82
453200F020  XL31K521/504-21
420000F009 00814237
420000F00% 00856413

420000F 009 00885213
420000209 01039635-00814588
420000F 009 010396 36-00814589
42006:F 309 CAT #2BSR, TYPE B1O2
4 20000F Yu 0ledidul
421011-0G1 106823-00

4210 1-00) 14959

42101 1-00] 16037-00
420000F0ud F5440K

421012-0L8 D3z-421012-18
411500F511 1308-0063

421012F 221 T0LDIN-2048-0-1-0-4
42101 2F020 TOLDIN5000-0-1-0-A
45472008 144 A00TE144
411500020 BIlFA-122

42205008 1 10 935336%

430Uuur04% WHiDZ-2/Do
A31U12F053 1142113

121 032-421003-1
421c14-2 032-42]013-2
421013-3 032-421513-3
421013-4 032-421013-4
421013-5 032-421013-5
421013-6 032-421013-6

431012F070 4450k 30
431012F02? 5004-35-87
431012F 046 5004 -35-88
431012F04¢ FS5-GKR-IN
4310u6-01 ¢-048-0352
431008-01 2-061-0018
430000F 107 207516
431508-01 3041-24
4310u5F Y06 6000351
430040F 203 712008
4300UK 203 1i-2013%
4300001 20 3 77-2014
430000F203 17-2040
A430000F 204 17-2123
43000CF 204 17-2292
430000F 203 17-2365
430000F 203 77-2605
430000F 203 717.2624
43000uF 201 71-2613
430000F 203 11-2710
430000¢ 203 17-2732
430000203 71-2795
430000F203 17-2796
430000F203 17-2397
410000F203 77-2874
430000F 203 17-2878
430000F 203 17-928
430000F 204 17-2961
430000F201 17-3041

MAN'TAZT PER

CHMITE
G.E,

oD
-y

a3 Y Ao P Yo Yo

G.E.
WESTIRGHOUSE
WESTIRGHOUSE
BASLER
BASLER

S.C.

BELOIT
BELOIT
BELOIT
BELOIY
BELOIT
URLITED ELECT
TOLGMATIC
REXNORD
REXHORD
REXNORD
TOLOMATIC
SEAWEST
SPECTROL
LITTON
LITTON
ALLEN-BRAD
ROSEMOUNT
VIBRAMETRICS
WEATHERMEAS
MCMASTER CAR
CHICAGD RAWH
CHICAGO RAWH
CHICAGO RAWH
CHICAGD RAWH
CHICAG) RAWH
CHICAGO RAWH
MCMASTER CAR
PROTECT CHTL
PROTECT CNTL
APPLETON ELE
AAA FIRE EXT
AAA FIRE EXT
MCMASTER CAR
JOHNSON CONT
WEATHERMEAS
EGSG

£64G

£6456

EGAG

EGAG

EG&C

EGSG

EGaG

EGAG

EGAGC

EGAG

EGAG

EGSG

£GAG

EGSG

EGSG

£G4G

£68G

£GAG

EGEG
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Table 5-12, Operational Spares Recommendations (Sheet 2)

BESCRIFTION

RESISTOR

LOSS OF EXCITATION RELAY
DIFFERENTIAL RELAY

LOCK-QUT RELAY (GCB TRiP RELAY)
AUXILTARY RELAY

OVERCURRENT RELAY

OVERVOLTAGE RELAY

REYERSE POWEE RELAY
OYERCURRENT RELAY

TEMPERATURE RELAY

C.B. CONTROL SWITCH

ELAPSED TIME METER

POTENTIAL TRANSFJRMER
THERMOSTAT

CURRENT TRANSFORMER

CURRENY TRANSFORMER

FUSE HOLDER, 1-POLE, 250V, 30A
TRANSFORME R

CONTACTOR

EXCITER FIELD CONTACTOR

POMER FACTOR RELAY

D1ODE

DIODE

POWER FACTOR-CONTROLLER
YOLTAGE REGULATOR

WATT TRANSOUCER

EXCITER SURGE SUPPRESSOR

BRG. SHELL ASSY. (EXCITER END)
BRG. SHELL ASSY, (DRIVE END)
EXCITER QIODE (STD. POLARITY)
EXCITER DIODE (REVERSE POLARITY)

GEN. BRG, OVER/UNOER TEMP. SKITCH

BRAKE LINING SEY
BOLTS-LONG

D152 PACK

BOLTS

CALIPER ASSY, RGTOR BRAKE
ROLLER, PRIMARY ENCOOER

POSITION POTENTIOMETER, MODEL 308

OPTICAL ENCODER, FAILSAFE
OPTICAL ENCODER
INTRUSION SW1TCH

ICE DETECIOR SENSOR
YIBRATION SENSOR

wIND SENSOR

SIGHT GAUGE

OlL StAL

0lt SEAL

0lL SEAL

WEAR SLEEYE

WEAR SLEEYE

WEAR SLEEVE

BREATHER FILTER
THERMOSTAT -OPERATIONAL
THERMOSTAT-FAILSAFE
GASKET

CYLINDER W 140# HALON 1301 @ 600 PSI
SOLENOLD PiiOT VALVE ASSY - 240

FAN-NCZ COOL ING

SMOKE DETECTOR, PHOTO ELECTRIC
DE-ICING LAMP ASSEMBLY

POWER TRANSFORMER (T1)

RELAY, SPOT {K2,K3)

CAPACITOR (C1)

FUSE, FNQ,10 (F2)

FLASKTUBE ASSY (¥1}

SOCMET, FLASHTUBE (5V1)

FUSE, 1A, SLO BLO (F1,FS,F6)
TIMING & TRIGGER P,C.B. {Al)
TRANSFORMER, L.¥. LOGIC (71}
SYNC TIMING § ORIYER PCG (A1)
RELAY, DPDT (K4}

HIGH VOLTAGE MCOULE {CR1)
CAPACITOR ((2)

CAPACITOR {C3)

CAPACITOR (C4,C5)

FUSE, 1/32a, SLO BLO (F3,F4)
RELAY, CONTACTOR (K1)
RESISTOR [R2)

TRIGGER TRANSFORMER ASSY (T1}
RELAY 3PDT (K},K2,K3,K6,K7)
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SYSTEM
APPLITATION

GAY
GAY
GAU
GAU
GAxl
GAY
GAU
GAyY
GAY
GAU
GAu
GAY
GAu
GAU
GAU
GAU
GAJ
GAY
GAU
Gl
GAU

GAU
GENERATOR
GENERATOR
GENERATOR
GENERATOR
GERERATOR
GENERATOR
HSS

HSS

HSS

H3S

HSS

INSIR
INSTR
INSTR
INSTR
IN3TR
LNSTR
INSTR
INSTR
LSS BRGS
LS5 BRGS
LS5 BRGS
LSS BRGS
LS5 BRGS
LS55 BRGS
L5S BRGS
LSS BRGS
LSS BRGS
LSS BRGS
L3S BRGS
NACELLE
NACELLE
NACELLE
NACELLE
NACELLE
NACELLE
NACELLE
NACELLE
HAZELLE
NACELLE
NACELLE
NACELLE
NACELLE
NACELLE
NACELLE
NACELLE
RACELLE
NACELLE
NACELLE
NAZELLE
WACELLE
NACELLE
NACELLE
NACELLE
NACELLE




FIND NG

430000F048
431908-03
430000F 100
430000F047
430000F 043
4510201
457022-]
457023-1

457024}

451025-6

431011Fu22
457000F 042
457013F 094
457013094
457011F051
457013F111
4570137113
457013F114
457013F027
457011F015
458000F 013
457013F032
457000F 028
457000F026
457000F 025
457000F 027
457000F021
457013F121
45701 3F086
457013r 087
458000F 009
457013F 112
45701 3F088
4570137089
457013r 095
457000F023
457013F015
457013F016
457013F017
457013F090
457013F028
457000F116
457000F 15
4570001 14
457011F014
45701 3F008
45701 1F042
457010F024
455200F112
455200F112
455200F112
455200F112
455200F 112
455200F112
455200F112
455200112
455200F112
428002F051
418003-1

418004-13
42B006F 046
428U06F02%

418004-014

42B006FQ34 -

4780005108
428000F 137
4Z8000F } 37
428002F 045
428006F 047
428006F012
428000F 181
428000F 1 14
418002F004
A18002F 006
428000F104
428000F 163
418000F061
428000F 101

Table 5-12. Operational Spares Recommendations (Sheet 3)

PART MUMDLR

CilD-6

bT-200 €
ILGMODELCRF -18
RESCUMATLC
T42B1027
032-457020-1
032-457022-1
03z-457023-1

032-457024- 1
03z-45702%-6
122-106
1025071129
10250142
11918-16-3
185306

356001
JAG-312002
3AG-312005
48P5AB15CD
5031

5032
507-4537-1531-640
673-1

673-21

673-22

673-4
6A426G001
750014
9274-5569
9274 -6205
95-0408-0933-24]
AGC-1
COC-38-30025
C0C-38-20030
DHOQOSCH
FS205]
JA-Ad-A15-2
JAl-A3-A-20-2
JAl-B3-A-10.2
KRP 14 DG-74¥
Lcb-2-22
LGS~5-280-0v-4
LG5-5-5D-0¥-R
LK-228-¥
MTA-406N-WK
TOP-1

Y18zAl
1B0-AlQ

CAT #1-30K

CAT #11082-2 R.3 GR2 P11
CAT #11082-5 R.3 GR2 PTL
CAT #152115-200, TYPE 8

CAT #1925-29
CAT #70-35C

TYPE EJ1 #9FGOBHHYOS

TYPE JKS-5 639%90
TYPE JVN-5, “6585x46
01907

032-418003-1
032-418004-13

1/2 DISC (7101501)
1/2-30358

1} /72HH%: 0. 82 -4
19R3-D4-C1A
1K-01204-01
206K

Z208129¢C

208K

283064 -0001
283065-0001
3-8N552-90
JIP1Q0BESQOYMYM-~)

3003-33-003-06-01-0085
3003-33-003-13-03-0-0-8

458-125-26
458-85-26
§0-16

§008

MANIF AG TURT R

AIRSTREAM
JOHHSON CONT
AIR COMMOD]TY
SAFETY-SUPPL
HONEYWELL
ROE NG
BOETHG

BOE ING

BOE ING

BOE ING
MOOG
CUTLER HAM
CUTLER HAM
HATL SEMI
MOTOROLA
LITTLE FUSE
LITTLE FUSE
LITTLE FUSE
POWER CUBE
CODEX CORP
CODEX CORP
AWPEREX/DIAL
TELEDYNE
TELEDYNE
TELEDYNE
TELEDYRE
G.E.

CUTLER HAM
LEACH

LEACH
AMPEREX/DIAL
BUSSMAN
POTTER BRUM
POTTER BRUM
HATL SEMI
G.E.

HE INEMANN
HE INEMANN
HE INEMANN
POTTER BRUM
LAMBDA
LAMBDA
LAMADA
LAMBDA
ALCO ELECTR
HIG CO,
6.E.

21006

QUAL TTROL
UPTEGRAFF
UPTEGRAFF
KEARNEY
ROCHESTER
QUALTTROL
G.E.

G.£.

5.,
DELAVAL TURB
REEU INSTR
RENTON COIL
FIKE METAL
FIKE METAL

SHEFFER

SOR INC.
DOUBLE-A
FAFNIR
DELAVAL BARK
FAFNIR
MARQTTA
MAROTTA
PARKER-HANN
PARKER-HANN
ABEX-DENISON
ABEX-DENISON
TELEDYNE
TELEDYNE REP
DRAGON
DRAGON

ORIGINAL PAGE IS
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DESCRIPTION
RELIEF DAMPER

THEZMAL DETECTOR, RAVE COMP, 2000

EXHAUST FAH

EMERGENCY ESCAPE DEVICE
THEAMOSTAT -F AN

Ci%CUIT CARD ASSY A-2
CIRCUIT CARD ASSY A-1
CIRCUIT CARD ASSY A-3

LIPCUTT (ARD ASSY A-6

TTL, WIRE WRAP BOARD f-4
SERVO-AMPL I IER ASSY

PUSH BUTTON ASSY

CONTACT BLOCK

HEADER

DIOOE

FUSE BLOCK

FUSE, 2A

FUSE, 5A

POWER SUPPLY #1

MODEM, ORIGINATE

MODEM, RECE1VE

LAMP

A.C. INPUT MODULE

0.C. INPUT MODULE

0.C. OUTPUT MODULE

A.C. OUTPUT MODULE
THERMOSTAT-NCU

SKITCH

115 VAC RELAY

28 YOC RELAY

INDICATOR LIGHT

FUSE, 1A

24 VDC RELAY

24 YD RELAY

DIGITAL DRIYER

HEATER STRIP

CIRCUIT BREAKER

CIRCUIT BREAKER

CIRCUIT BREAKER

24 VDC RELAY

POMER SUPPLY #2

POWER SUPPLY, 28YDC (F/$)
POMER SUPPLY #4

POMER SUPPLY - 28VDC-#3
SWITCH

RELAY

YARISTOR

AHALOG BOARD ASSY A-7
GAGE, LIQUID LEVEL
BUSHING ASSY, LOM YOLTAGE
BUSHING ASSY. HIGH YOLTAGE
FUSE, AIR INTERRUPT S,
THERMOME ; R

PRESSURE VACUUM GAUGE SET
PRIMARY FUSE, PT SIZE B
CURRENT TRANSFORMER
POTERTIAL TRANSFORMER FUSED
LOW LEVEL SWITCH-HYD RESERVOIR
HYDRAULLC SWIVEL JACTUATOR ASSY
SPRING, TIP LOCK

RUPTURE DISC, 600 PSI
RUPTURE UNIT (HDUSING}

ACTUATOR

PRESSURE SWITCH, RETURM LINE
MANIFOLD SEAL XIT
BEARING-HYD RESERYQIR
THERMOWELL

BEARING-HYD RESERYOIR
SOLENOID YALYE, IESS
SOLENDID YALYE, START-STOP
"0 RING FOR 5159T RELIEF ¥ALYE
FILTER ASSY, HYDR SUPPLY
DIRECTIONAL YALYE
DIRECTIONAL YALVE

CHECK VALYE

CHECK YALYE

DRAGON HAND YALVE
VALYE-NEEDLE
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LSYSTIN
APPLICATTON

NACELLE
NACELLE
NACELLE
NACELLE
NACELLF

NCU

RCU

KLU

HCY

NCU

KCY

NCU

NCU

NCY

NCY

NCU

NCu

NCU

NCU

NCU

HCU

NCU

NCU

NCY

NCU

NCU

RCU

HCU

HCY

RCU

NCU

NCU

RCU

NCU

NCU

NCU

NCU

NCU

NCY

NCU

NCU

NCU

NCU

NCU

NCY

NCU

NCU

NCU

QUTPUT XFMR
QUTPUT XFMR
QUTPUT XFMR
OUTPUT XFMR
QUTPUT XFHR
QUTPUT XFMR
QUTPUT XFHR
QUTPUT XFKR
QUTPUT XFMR
PITCH CRTL
PITCH CNTL
PITCH CHRTL
PITCH CRTL
PITCH CHTL

PITCH CNTL
PITCH CNTL
PITCH CHTL
PITCH CNTL
PITCH CNTL
PITCH CHTL
PITCH CNTL,
PITCH CHTL
PITCH CHTL
PITCH CNTL
PITCH CNTL
PITCH CHTL
PITCH CNTL
PITCH THTL
PITCH CHTL
PITCH CRTL




FING Ho,

428000073

428000 107

4280027 04)

4ZBOOUF 619

428000F078

428000F D8O

428000F 112

4 30000F 42

42B000F 031

418004914

418002FU08

428002F 042

4ZBOUOF U313

4280005 114

428000F 041

428000F 108

428002F 043

412003F002

4180077 007

428000F 105

428000F 116

i 428002F D46

B 418003F 006

| 418003002

: 418002F 005

» 428000F 127

s 428000F 1 26

428000F 115

; 418000F 102

a 418003F 002

. 428000F 115

% 418002F003
. 411306-1
: 411306-2
. 411306-3
| 411307-1

. 418000F033

, 418000F034

- 411311F031

411311F030
411311036
411311-02
, 4113117034
2 411311F035
' 411311F033
4113}1§032
413000F031
413000F031
413000F 031
413000F031
413000F03]
4130007031
413000F03)
435000F014
4350005014
430000F 147
435000013
435000014
4350005014
435000F 014
4350007015
435000F013
435000 061
835004£0) 3
435004F 1 33
435004F016
- 435004F (20
- 435004F 142
L 435008F 022
a 4350047102
. 435004016

5 435006F010
i 435004F029
S 435004F015
v 435004F031
o 4350045030
435004F018
4350065011
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Table 5-12. Operational Spares Recommendations (Sheet 4)
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505-2-3-F

81591 -8T5. 75
57x1-40
B607A-1-9]
6607A-5-64
6607A-8-66
66602 5K000
T09-CA9
T2CF10CECISYOYE-]
760-01-0150-0u62
77093

8289

908648

983061
975381813
AQP-06-1041

CAY 843
CBS02A-HE UL

CS 800s
D1YN2064)Y
0D-1101-47

F =5D-3020-A-DD-1.625
HT40-10])
LO6942-0000
MHE20-T40A-4
MT1H-H25}5
P9201
PY06-007-51L-04
ROY22-T8404
RGZAHL -D355
515-15239
TPCCSLO00SALS
032-411306-1
032-4]11306-2
032-411306-3
032-411307-)
23000012-0544)
80J0606-12-12-58
HH 840210

HH 840249

JM 15015.LPD(H5L16)
JM 18858

JM 6334-LUP{H5L16)}
dM 9833-0LL -PD(H1/L5)
LM 565910

LM 565949
032-413003-5
9680106

9680107

9684796

9605214
19640155
9550236
112-1017

14253

21224950
39630906

61104

61105

61108

620

9640152
PCCRGOUS
1QHP - 1B00RPK
2495-2pp

53576
6607A-7-8%
66074-8.72

667 TA-9.59
709808103
7515130

920523
BRNNC-005-L{1)
Cl2oosy
DL¥W20BYY
DlvwdCyy

Hz082
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MRHLIF AT TURE &

ORM SPECIALT
CIRCLE SEAL
LENZ

Cee

cee

ccc
PARKE R -HANN
ALLEN-8RAD
PARKER -HANN
SHEFFER
ABEX-DEN; SON
ROCHESTER
PARKER-HANN
PARKLF -HAK
G.E

DOUBLE A
AIRFLYTE ELf
PARKER-HANN
PARKER-HANN
PARKER-HANN
REZILAND
CRAHE PACK
NMB CORP
PARKER-HANK
SNAP-T1TE
DELAYAL
CONTROL PROD
DEN]SOKN
SNAPTITE
PARKER-HANN
ABEX-DENTSON
PARKER -HANN
SERVICE BRON
SERYICE BRON
SERYICE BRON
KEY BELLEYIL
TITEFLEX
PARKER-HANN
TIMKEN

TIMKEN
J.M.OIL SLS
J.M, OIL SLS
J.M.OIL SLS
J.M, OIL 5L%
TIMKEN
TIMKEN
SEANEST
GOODYEAR
GOOQDYEAR
GOODYEAR
GOODYEAR
GOODYEAR
GOODYEAR
EATON/CHARLY
EATON -
COHTROL PROD
GOODYEAR
TATON

EATON

EATON

GEAR WORKS
GOODYEAR
PARKER -HANN
REULAND
CIRCLE SEAL
PURDLATOR
cee

Cce

cce

ALLEN BRAD
PUROLATOR
PARKE R-HANN
DOUBLE A
PARKER-HANN
PARKER-HANN
PARKE R -HANH
MARSH
HT-vincaN

DESCRIPT 0N

PRLSSUIRE SKUBBER

RELIEF YALVE

FILLER CAP ASSY-HYD RESERVOIR
PR, SWITCH, 430 ps]

PR. SWETCH, 1500 PS)

PRESSURE SWITCH, 1900 PS]
ACCUMULATOR SPARES KIT

MOTOR STARIER

FILTER ASSY, HYDR RETURN
PACKING 1T, TIP ACTUATOR
SERYD VALVE

GAUGE-HYD, RESERYOIR, 16,0 LG.
ELEMENT FOR 72CF FILTER (RETURN}
ELEMENT FOR 31P FILTER {SUPPLY)
TRANSFORMER

CHECK VALYE-PILOT

BRUSH BLOCK-HYD RESERVOIR
BODY SEAL KIT, PITCH ACTUATOR
CHECK YALVE

SOLENOID YALVE

ELFCTRIC MOTOR

FACE SEAL-HYD RESERVOIR
SPHERICAL BEARING

PISTOR RINGS XIT, PITCH ACTUATOR
OYERCENTER YALVE

TEMPERATURE SW1TCH

TEMPERATURE SWITCH

HYDRAULIC PuMP

RELIEF VALVE

GLAND CARTRIDGE KIT

PUMP SPARES KIT

FLOW CONTROL YALVE

BUSHING

BUSHING

BUSHING

BELLEVILLE SPRING

HOSE ASSY-TEFLOM

HOSE ASSY-RUBBER

B8EARTNG 7yp

BEARING CONE

OIL SEAL, INBD-INT.

OlL SEAL, DUTBD-EXT.

OIL SEAL ,QUTBD-INT.

OIL SEAL, IMBO-EXT.

BEARING Cup

BEARING CONE

BUMPER ASSY

SEAL

BACK-UP RING

BACK-UP RING

SEAL

BRAKE LINING SET

BRAKE CALIPER ASSY

HYD DRIYE MOTOR

BOLT, RETAINER

TIME DELAY RELAY, ROTOR BRAKE
BRAKE LINING SET

SEAL KIT, SHAFT

SEAL KIT, MOTOR, REAR

SHAFT AND BEARIMG X1T

PLANETARY SPEED REDUCER

BRAKE CAL IPER-DRAG

FLOW CONTROL YALVE
MOTOR-ELECTRIC

VALVE-CHECK, ROTOR BRAKE PRESS.
FILTER, SUPPLY

PR. SWITCH N/O TO CLOSE AT 500 05|
PRESS. SWITCH, 1800951

PR. SWITCH N/C TO CLOSE AT 2000 P51
MAGNETIC STARTER

ELEMENT FOR 53576 FILTER (SUPPLY)
ELEMENT FOR F331RF FILTER {RETURN)
VALVE-REL JEF

YALYE -CHECK

DIRECTION VALYE, YAW BRAKE
DIRECTIONAL YALYE, HYD. MOTOR
PRESSURE GAUGE

THERMOSTAT, HEAT EXCHANGER
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PITCH
PITCH
FITCH
PlTCH
#11CH
“ITCH
FiTCn
AR I
PilCH
Filin
FITEH
FLTCd
2ITH
PITLH
PiTin
PLITCH
PITCK

1TCH
PITCH
PITEH
SLTCH
*ITCK
PITCH
PITCH
PITCH
PITCE
PiTCH
BITCH
PITCH
PITCH
PITCn
PITCH
ROTGR
ROTOR
ROTOR
ROTOR
ROTCR
ROTOR
ROTOR

ROTOR
ROTOR
ROTOR
ROTOR
ROTOR
ROTOR
ROTOR
TEETER
TEETER
TEETER
TEETER
TEETER
TEETER

ChT:
CRT.
Ch:
LR
R A
KL
%
N,
iNT,
Ch™.
[ 2%
(K™,
W™y
ThT,
Th'o
ChTL
Th™.
N
(7343
Th7o
[LAES
LK™
CNTL
(L343
[
CN™L
oN™y
ONTL
CK™L
[ % LI
Ch™L
CHTL

FYAW

TEETER/YAW

YAW CO
YAW COI
YAW CO
YAW CO
YAW CO
YA CO
YAW CO
YAW CO.
YAW CO
YAR CO
TAW HP
YAW HP
TAW HP
YAW HP
YAK HP|
YAM HP
YAW Hp
YAW HP
YAW HF
YAW HP
TAW HP
YAW HP
YAW HP
1AW HP
YAW HP

NTROL
NTROL
NTROL
HTROL
NTROL
MTROL
NTROL
NTROL
NTROL
NTROL
]
U
ll
U
U
U
H)
U
U
)
U
U
U
u
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6.0 CONCLUSIONS AND RECOMMENDATI ONS

The MOD-2 project has been successfully concluded after a five year effort by BEC
and 1ts subcontractors, under the contractual direction-of NASA Lewis Research
Center for DOE, The project has developed a wind turbine design meeting the
contractual design requirements and has fabricated and tested three machines of
this design, which have demonstrated fulfillment of the project goals. These
machines will continue tne demonstration as remotely controlled power generators
within the Bonneville Power Administration network. The project has produced
considerable valuable technical data needed to bring large wind turbine systems to
commercial status and contributing to the nation's energy production.

The major system.accomplishments demonstrated at Goodnoe Hills are as follows:

(1) The feasibility of fabrication and installation of a multi-megawatt
(2.5 M) horizontal axis machine with a 300 foot diameter rotor. -The
MOD-2 rotor is. the largest rotor fabricated and tested to date, and the
MOD-2 has produced higher power output than any other wind turbine system
to date.

(2) Unattended operation with remote monitoring, enable/disable control and
énergy management capability.

(3) Power variations of less than %6 percent (50 percentile data) for power
delivered to the utility grid. Three sigma values are within *18
percent at the maximum wind. speed of 45 mph.

(4) The feasibility of the controlled yaw upwind rotor, which has more
efficient energy capture than a downwind rotor, and which has
demonstrated fully acceptable noise characteristics.

(5) The feasibility of the partial span (30%) tip controlled rotor.
(6) The adequacy of the failsafe shutdown system protection,

(7) Evaluation of early prototype operations have shown that the machines are
achieving an availability of 0.83 for those periods when system design
modifications or special tests are not included as period time in the
calculation. Projections indicate a capability to achieve greater than
0.92 as early operational prablems are solved.

Testing of the MOD-2 units at Goldendale has verified many unique design features
of the MOD-2 and is providing invaluable technical data on leads and control system
dynamics. Major areas of technical interest where the data wil) contribute to
future development and commercialization include:

(1) The large-scale elastomeric teeter bearings successfully completed

accelerated life-cycle laboratory testing and have exhibited no problems
during operation.
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(2)

(3)

(4)

(5)

(6)

(7)

(8)

Actual teeter motions are less than had been expected. No teeter stop
contacts have been observed during rotation. The teeter brakes appear
to be unnecessary and have been deactivated which will improve overall
reliabiiity.

The yaw damping brake has proven to be unnecessary and has been
deactivated which will improve overall reliability.

The measured yaw drive cyclic loads are higher than predicted. These
1oads can be reduced by sizing the drive motor to stall and allowing
backdriving during peaks in the cyclic loads,

Structural rotor loads prediction methods were verified for all loading
conditions except for rotor flapwise cyclic Joads which are higher than
predicted by analysis methods. Prediction methods have been modified to
reflect this inadequacy and can be used with confidence to predict cyclic
rotor loads of other machines. Control system interactions are being
evaluated and current control system testing is expected to provide some
alleviation of cyclic loads.

The compliant quill shaft, in conjunction with the pitch contro? system,
has demonstrated the capability of damping power oscillations from rotor
to gearbox. The three sigma cyclic torque loads are 50 percent of the
predicted design loads.

A system simulation model has been. developed and correlation with actual
system dynamics is providing the- capability to optimize the control
system for loads reduction and power stability while achieving maximum
energy output.

Measurements of actual power output versus meteorological tower wind
speeds show good correlation with predicted values. The data are based
on 10 minute averages (at a data rate of 10 samples per second) during
selected periods of relatively steady winds. Approximately one-third of
the data points are higher than predicted values. Two thirds of the data
points are less than predicted values. The maximum data scatter of
approximately 20% can be attributed to windspeed at the turbines being
different than wind speed at the meterological tower, losses due to yaw
error, and accuracy of the data systems.

- In summary, the MOD-2 project goals have been achieved. A wide base of suppliers _
involvement has contributed to the program. Utilities have participated in the.
design and evaluation. The three MOD-? machines at Goldendale, plus a MOD-2
machine at Medicine Bow, Wyoming, operated by the Bureau of Reclamation and a MOD-2
machine at Solano, California, operated by Pacific Gas and Electric ire
contributing to the data base. The feasibility of the large machiner has been
demonstrated and provide the technical confidence for development of even larger
next-generation machines. Continued operation will demonstrate the economic
viability of wind energy systems operated to save expendable and costly fossil
fueled generating systems.
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The existing three units at Goldendaic provide an excellent test facility for
continued industry evaluation and development of advanced systems. This facility
is continuing in a test mode under the program direction of NASA/BPA. Specific
areas of continued evaluation and test should include:

(1)

(2)

(3)

(4)

(5)
(6)

Control system/performance optimization with continued development of
analytical modeling including wind turbulence induced effects.

A continued operational evaluation of performance, component relfability,
maintenance timelines, and system availability to provide the utility
industry with a firm basis for economic evaluation.

A product improvement program to correct any potential design
deficiencies impacting system availability, maintenance procedures or
personnel and equipment safety.

Long term evaluation of environmental impacts.

Cluster array analysis with testing for wake effects.

Advanced concepts verification including new materials, airfoil shapes,
tip speed effects, etc.
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APPENDIX A
SITE DEVELOPMENT AND WTS ERECTION

The construction of three MUD-2 wind turbine systems at Goodnoe Hills, WA.
required completion of the following major tasks: 1) Constructing
foundations, 2) Erecting a gin pole for hoisting the wind turbine components,
3} Erecting the tower, 4) Installing the nacelle on the tower, 5) Installing
the rotor on the low speed shaft, and 6) Installing the electrica) equipment
required to transmit the power from the wind turbine generator to the
Bonneville Power Administration substation.. Bonneville Power Administration
provided the wind turbine site locations, the roads to the sites, temporary
construction power, and the substation to interface the three wind turbines
with the electrical power grid.

The construction process began at site #1 with construction of ten foundations
requiring a total of approximately 710 cubic yards of concrete. (Seven gin
pole foundations, one tower foundation, one electrical equipment pad, and one
maintenance equipment foundation). The-construction process for all
foundations was similar. After a hole was excavated to the proper dimensions,
wooden forms were constructed and the specified rebar, anchor bolts, conduits
and embeds were placed within the forms. Concrete was then placed in the
forms and allowed to cure. The forms were then removed and backfili placed
around the foundaticns.

The tower foundation required installing rock anchors in addition to the rebar
and tower anchor bolts. Following excavation for the tower foundation,
seventy-two holes were drilled into the rock and rock anchors twenty-eight
feet in length were installed. The rock anchors were centered in the holes,
and secured by grout pumped in the holes and allowed to cure. Figure A-1
shows the rock anchors installed in the foundatfon excavation. Following the
installation of the rock anchors, construction of the tower foundation
continued with the installation of forms._ After the tower foundation was
poured and cured the rock anchors were tensioned to approximately 154,000
pounds. Figure A-2 shows the completed foundation installation.
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Figure A-1. Rock Anchor Installation
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anchor bolts

in pole
boum-up pendant

Figure A-2, Completed Foundation
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Following the completion of the foundations the gin pole was erected to hoist
the heavy components of the wind turbine. The 250" gin pole was assembled and
partially rigged on the ground and 1ifted onto the boom rest tower using a
crane. After rigging of the gin pole was comptete it could 1ift itself into
working position by pulling against the boom-up pendant which was attached to
the tower foundation (Figure A-2). The gin pole was load tested by 1ifting
six culverts filled with concrete weighing a total of 213,000 pounds,

The tower was erected by welding factory fabricated segments in place on the
tower foundation. First, two base sections with the base plate and gussets
factory welded were placed over the ninety-six anchor bolts and leveled with
shim packs. The base sections were then welded together. Four petal sections
were then welded on top of the completed base section. Four smaller petals
were then welded together beside the tower, lifted into place and welded to
the previously completed structure. This completed the conical section of the
tower. A forty foot cylindrical section with the hyperbolic transition
attached was then welded onto the conical_section (Figure A-3). Three more
forty foot cylindrical sections were then welded on the preceeding sections to
bring the tower to its completed hieght of 196 feet. Figure A-3 shows the
last tower section being placed. A1l sections were welded from temporary
scaffolding tack welded to the tower structure. Each section was. checked for
plumbness as it was added. Following the welding of the basic structure the
catwalk was welded at the top of the tower and a door was' cut in the base of .
the tower and reinforced. Grout was then placed under the base ptate and the
anchor bolts tensioned. After the tower erection was complete the tower was
sand blasted and-three coats of epoxy paint applied. The tawer for Unit one
was erected using the gin pole. A conventional crane was used to erect the .
towers for Units two and three as the gin pole was in use at sfte #1.

Due primarily to transportation limitations, the nacelle and contents was
received at the construction site partially assembled. It was off-loaded onto
stands and fully assembled on the ground prior to installation on the top of
the tower. Figure A-4 shows the nacelle resting on its stands at the tower
base. The nacelle was equipped with removable hatches to facilitate the
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Flgure A-3. Tower Installation
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Nacelle
lifting lugs
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Generator
ventalation
exhaust outlet

Nacelle
stands

Figure A4, Nacelle Assembly at Site
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instailation of internal equipment. The quill .shaft coupling, the gearbox and
the gaenerator were placed in the nacelle through these hatches. The hatches
were replaced and the gearbox o1} cooler, the wind sensors, the ventilators,

and the aircraft warning lights were installed on the nacelle roof. The yaw
bearing, the yaw brakes, the yaw brake disk and the gearbox oil reservoir were
bolted beneath the nacelle. Pipjng was installed to connect the gearbox with_—
the various components of the lubrication system. Following flushinp-of the
Tubrication system, leak testing and completion of electrical installation

ﬁork. the Nacelle Integration Test was completed to ensure proper operation
prior to installation on top of the tower.

Ln preparation for hoisting the nacelle four_tag lines were attached to the
corners of the nacelle and secured to winches mounted on heavy equipment.
These lines were used to stabilize the nacelle during the 1ift and to_align
the nacelle as 1t was set on the top of the tower. A lifting fixture designed
for the nacelle 1ift and previously load tested to 200% of the nacelle weight
was pinned to 1ifting lugs on the nacelle roof (FEigure A-4). The nacelle was
then hoisted to the top of the tower and bolted in place (Figure A-5), The
tag lines were removed, the wind sensors raised and the nacelle was yawed to
face the .gin pole in preparation of the rotor 1ift.

The rotor was received in five sections for Unit one, _(one hub, two
mid-sections and two tips). The hub was off-loaded, rolled onto edge with a.
handling fixture and placed in holding fixtures. The mid-sections were bolted
to the hub and the joint sealed. The tips were joined to the mid by inserting
the spindle in the.mid and balting the spindle barrel and actuator swivei to
the mid-sections. For Units two and three the mid-blade was shipped with the
tip attached to reduce field installation costs. Figuré A-6 shows a mid-tip
assembly arriving at the site. After the rotor was assembled it was balanced
by placing a specified amount of weight fn one of the mid-sections.. The rotor
integration test was then completed to verify the integrity of the rotor
hydraulic and electrical systems and to vertfy the rotor was_sealed for proper
operation of the crack detection system prior to installing it on the turbine.
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Figure A-5. Nacelle Installation
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Figure A-7. Rotor Instaliation
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To provide stability during the rotor 11ft the same four part tethering system
used on the nacelle dift was attached to the ends of the rotor. A lifting
fixture designed for the rotor 11ft and previously load tested to 200% of the
rotor weight was attached to the rotor and the rotor was hoisted into place
(Figure A-7). The rotor was.then bolted to the low speed shaft and the
hydraulics and electrical connections made. The roior remained tethered to
prevent {ts rotation during drive train alignment.

Following drive train alignment the rotor was rotated to a vertical position
using the rotor positioning tool to allow installation of the teeter stops.
Installation of the teeter stops completed the WTS structural assembly.

During the construction process electrical equipment was being installed
throughout the wind turbine system.. This included installation of. the yaw
slip ring, cable trays, wiring, electrical switchgear and transformers, buried
cable to the B.P.A. substation and fiberoptics to the data center.

Following completion of Unit one, the gin pole was moved to Units two and
three for installation of the nacelle and rotor on those units. Construction
of Units two and th:ee was similar to the process described for Unit one with
the exceptions previously discussed.
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APPENDIX B

LIST OF SYMBOLS AnD ABBREVIATIONS

symsoL
a

a

a

A
AEP
AH
AISC
Alt
Ap
AOM

BEC
BFL
BTU

c.g.
Cp (Cq)
CL (cy)
COE
COEP

C.P.G.

MEANING
power scaling exponent
windage churning loss
length
amplitude of gusts
annual energy production
amphere hours
American Institute of Stee] Construction
altitude
parficular value of "A"

annual operations and maintenance costs

width
Boeing Engineering and Construction
basic factory labor

British thermal unit{s)

chord (airfoil)

Weibull constant

center of gravity

drag coefficient

Tift coefficient

cost of electricity

cost of electricity program
power coefficient

compact planetary gear
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CPM (CPp) maximum system efficiency
CPmax maximum rotor power coefficient
Cp - —critical buckiing stress

CRT computer remote terminal

Cu copper

cu. ft. cubic feet. ..

C.Y. v CUDTC yards

D (DIA) diameter

da/dn crack growth rate

db decibal (s)

DC direct current

DG diesel driven .generator

DOE Department of Energy

£ modulus of elasticity

£oce energy output computer program
Eg specific energy

f 1imit load stress

Fer critical load

FCR fixed charge rate (annualized)
FMAT material factor

FMEA failure mode and effects analysis
FMFG manufacturing factor

fn frequency requfrement

F (P) Toad

FPS feet per second

FR failures per year
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freq.
ft.
ft.2

GCB

GR
hr(s)
Hz {HZ)

IC

in (s)

kW

kHh

Kips

1b(s) (#)
L.E.

LERC (LRC)

frequency
feet

square foot

acceleration due to gravity
modulus of rigidity
generator circuit breaker
steel grade

hour(s)

Hertz (cycles/sec.)

total WIS cost

inch (es)

Weibull constant (exponent)
one thousand

buckiing constant

maximum stress intensity for each block of cycles
maximum stress intensity on each spectrum
pitch‘contro1 cost factor

baseline value (cost)

‘thousand pounds per square inch

kilovolt (s)
kilovolt amphere (s)
kilowatt (s)
kilowatt hour {s)
thousand. pound (s)

pound (s)
leading edge

Lewis Research Center .
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M
max
MDT
min
mph
M.S.
MSB
MTBF
MW
MWh

NACA
NASA

0 &M
0.D.

PF

psi

Powgn

PT

meters

moment

maximum

mean down time

minimum

miles per hour

margin of safety

most significant bit

mean time between failure
megawatt (s)

megawatt hour (s)

number of spares

circular frequency

efficiency

National Advisory Committee for Aeronautics

National Aeronautic and Space Administration

operations and maintanance

outside diameter

power factor

specific power
pounds per square inch
power error gain

particle test method

radfal distance from hub center
radius of WTS rotor

minimum stress/maximum stress
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RAD radian (s)

RAM Reliability, Availability, Maintainzbility
rey revolution .

ROT rotor cost

rpm revolutions per minute

RT radiographic test method

RTGN rate error gain

s stress

s (sec) second (s)

SCF structural composites industries
ST e standard temperature day

t thickness

t recorder time

T.E. trailing edge

Ty torque extracted from wind

upPs uninterruptable power supply

ut ultrasonic test method

v volt (s)

vV {(Vy) wind velocity

Vi rated wind velocity

Vel velocity

Vin cutin wind velocity

Yo design wind velocity

Vo empriical homogenous wind speed
Vout cutout wind velocity

Vi reference wind velocity

VT visual test method

B-5




WT
WT
HTS

weight

wind turbine

wind turbine system

reference axis

reference axis

year (s)

reference axis

elevation above ground level

- surface roughness length

reference height

feet

inches

cents

dollars

percent
temperature,_Fahrenheit
temperature, Centigrade
cost of failure

degrees

tess than

less than or equal to
equal to

greater than

greater than or equal to
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much less than

much greater than

failure rate

solidity

phase (electrical)

wind. yaw error

standard deviation

collective pitch angle
longitudinal component of turbulence spectrum
Tongitudinal turbulence intensity
wind velocity separation distance
air density

rotor rate

change

density

Poisan's Ratio

pitch angle _  _

efficiency
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